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 Scleractinia (stony corals) are powerful tools in the field of paleoceanography, 
allowing researchers to reconstruct past ocean conditions based on variations in coral 
geochemistry. As corals regularly accrete their aragonite skeletons they preserve a history 
of climate on regional to global scales. Often able to provide centuries long continuous 
records of climate, an individual coral colony can provide insight into significant 
environmental perturbations. If preservation permits, fossil corals can be used to evaluate 
climate thousands of years in the past.  Researchers use paleoclimate proxies, which are 
indirect geochemical fingerprints of environmental conditions, to create paleoclimate 
time series. Paleoclimate proxies are prevalent throught the literature and while many are 
well constrained by years to decades of use, individual conditions unique to study sites 
and timescale prevent the use of blanket assumptions regarding their interpretation. In 
this dissertation I illustrate the varied ways that the same or similar coral-based climate 
proxies can be used to reconstruct past ocean conditions.  
Part I (Ch. 2, 3) presents two studies based along of the Pacific Coast of Panamá 
to examine the influence of the seasonal migration of the Intertropical Convergence Zone 
(ITCZ). I analyzed a long-term coral δ18O time series from a living massive Porites 
colony to address low-frequency variation overprinted by the wet-dry seasonality. The 
	 	
coral record uncovered a clear decadal (~11 year) cycle in coral δ18O-inferred 
precipitation. I propose this mode is related to basin-wide processes, specifically a 
component of the Pacific Decadal Oscillation, which describes large-scale patterns in sea 
surface temperature (SST) and precipitation influencing marine ecosystems. In Chapter 2, 
I supplement the coral δ18O record with a coral Ba/Ca time series from a different coral 
colony. Coral Ba/Ca can be used as a proxy for river discharge (Q), although this practice 
is relatively new. Our coral record outlined seasonal variation in river Q and can also be 
used to identify past El Niño events and prolonged periods of drought. Uncovering a 
geochemical indicator of El Niño in this region is particularly powerful since conditions 
become warm and dry, which negate each other in coral δ18O rendering the proxy unable 
to consistently identify these climate events. This chapter furthers the community’s 
understanding of the many ways that trace metals can be used in paleoceanographic 
research, specifically to constrain local hydroclimate. 
In Part II (Ch. 4, 5) I present two studies in the Great Barrier Reef (GBR) based 
on coral δ18O and Sr/Ca records from modern and fossil Isopora, a coral species that is 
nearly completely absent from the paleoceanographic literature. Although this suite of 
climate proxies is similar to those used in Part I, in Part II the GBR corals provide a 
history of sea surface temperature rather than hydroclimate, which is due to prevailing 
local environmental conditions over a given timescale. In Chapter 4 I developed the first 
modern Sr/Ca- and δ18O-Sea Surface Temprature (SST) calibration using Isopora, which 
approaches those calculated for the commonly used Porites corals. Using Isopora in 
Pacific-based paleoceanographic research allows us to analyze coral records from reefs 
that might not be dominated by Porites. In Chapter 5 I applied the new Isopora Sr/Ca- 
	 	
and δ18O-SST calibrations to fossil corals recovered during Integrated Ocean Discovery 
Program (IODP) 25. The fossil corals date beyond the Last Glacial Maximum (LGM, 
~20 kyr BP) to 25 kyr BP. In the Pacific SST change since the LGM is better constrained 
for more equatorial locations so our fossil samples from the GBR extend the geographic 
network of LGM-aged coral-based climate proxies. I measured ~5-7°C of cooling in the 
GBR at the LGM compared to today. The SST change through the LGM deglaciation 
provides valuable understanding of reef resilience and future risk of or adaptability to 
climate change.  
 Each chapter in this dissertation uses similar strategies but provides a unique 
perspective on past climate change in the tropical Pacific. This dissertation identifies the 
many ways that coral proxies can be utilized with specific examples of the ways in which 
interpretation can vary. It is necessary to consider the environmental specifics of a given 
region before blindly interpreting paleo-proxy data. Furthermore, coral-based proxy 
records are supremely powerful tools in exploring and uncovering past climate histories 
of a given region. Coral-records can supplement and extend the limited instrumental 
record with centuries to millenia long information on SST and hydroclimate. These data 
can improve climate models, further our knowledge of coral reef growth, and deepen our 
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With nearly half of the human population living within the tropics, it is imperative 
to have a thorough understanding of its climate. Tropical climate oscillates on a variety of 
timescales, seasonal to multi-decadal and longer, impacting the region in unique ways. 
There is a swiftly growing need to understand these modes of variability as policy makers 
require long-term environmental histories to develop comprehensive regulations and the 
public’s thirst for continued information and predictions for the future cannot be slaked. 
Coral proxy records have been instrumental in addressing these needs by providing 
continuous, long-term records of climate variability on a myriad of timescales.  
Corals in the Order Scleractinia (stony corals) dominate coral-based 
paleoceanographic studies. Scleractinia are globally distributed and comprise 18 Families 
(Veron, 2000). Most Scleractinia, ~61% of the Scleractinia Families, are zooxanthellates, 
which means that they contain zooxanthellae, a photosynthetic dinoflagellate. A 
zooxanthellate coral is a keystone example of a mutualistic symbiotic relationship. The 
coral animal provides shelter and the by-products of its cellular respiration, CO2 and 
water, to the zooxanthellae, which are used to carry out photosynthesis. In return, the 
coral animal benefits from the glucose, glycerol, amino acids, and oxygen that are 
products of the zooxanthellae’s photosynthesis. The coral uses what the zooxanthellae 
consider waste products to calcify and manufacture lipids and proteins (Barnes, 1987; 
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Lalli and Parsons, 1995; Levinton, 1995; Sumich, 1996; Barnes and Hughes, 1999). 
While corals are carnivorous, often feeding at night, they fulfill upwards of 90% of their 
energetic needs through the zooxanthellae-driven photosynthesis (Sumich, 1996). Since 
this mutualistic relationship promotes growth, zooxanthellate Scleractinia are considered 
hermatypic corals, meaning that they are reef builders, responsible for developing the 
hard framework of a reef and contributing to reef rugosity (topographic diversity). 
Scleractinia are particularly powerful tools as they regularly accrete a hard, 
aragonite skeleton whose geochemistry can be exploited to develop high-resolution 
climate proxy records that can extend hundreds of years. Furthermore, fossil corals can 
provide insight into paleoceanographic conditions in deep time, providing adequate 
aragonite preservation. The global distribution of Scleractinia throughout the tropics 
allows for a comparison of similar records and the potential to develop a worldwide 
understanding of climate based on a single or a few related coral species. Coral-based 
proxies have long been providing insights into sea surface temperature (SST), 
precipitation, sea surface salinity (SSS) (e.g. Epstein et al., 1953; Fairbanks et al., 1997) 
and other aspects of hydroclimate, including river discharge (Q) and the identification of 
El Niño events from reefs around the world (e.g. Shen and Sanford, 1990; Evans, 1998; 
Cobb et al., 2013).    
The use of coral-based climate proxies is ubiquitous in the paleoclimate literature, 
however, their specific utility varies both spatially and temporally. This dissertation relies 
heavily on the interpretation of multiple coral-based climate proxies and provides a 
greater appreciation for the many ways in which each proxy responds to and records 
typical oscillations and atypical perturbations in climate down to the molecular level. The 
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uniting theme of this dissertation is that corals of different ages and from different 
locations record climate in varying ways, which must be considered during proxy 
development and application. Regardless of whether a climate proxy has been previously 
vetted in the literature it is of the utmost importance to avoid making assumptions 
without a thorough understanding of the prevailing, or at least likely to be prevailing, 
environmental parameters. This dissertation adds to the continuously growing 
compendium of knowledge of tropical climate variability, taking into account the relevant 
environmental nuances. There is a wide assortment of geochemical tools that can be used 
as proxies in the coral skeleton, but in this dissertation I focus on the use of 18O/16O ratios 
(δ18O) as a proxy for SST or inferring variability in precipitation, Sr/Ca as a proxy for 
SST, and Ba/Ca as a proxy for river Q.  
 
1.2. Paleoclimate Proxy Application 
In Part I, I use two Panamanian coral records to explore the history of the 
movement of the Intertropical Convergence Zone (ITCZ), a band of convecting 
atmospheric cells that controls precipitation in the tropics, resulting in distinct wet and 
dry seasons. In Panamá, the stark precipitation gradient has systematic consequences, one 
of which being a prominent seasonal cycle in river Q. In order to fully understand 
regional climate, past, present, and future, a comprehensive understanding of the local 
water cycle is paramount. Regional climate models rely on paleoclimate data as do policy 
makers that are concerned with potable water storage management, algal blooms, and 
flood prediction. With two coral cores from massive, living Porites colonies off the 
	 	 4	
Pacific coast of Panamá I created long-term coral δ18O and Ba/Ca time series that provide 
information to address these issues.  
In addition to the annual mode of variability linked to the migration of the ITCZ, 
there are lower frequency oscillations (e.g. inter-annual, decadal, multidecadal) that 
impact the local hydroclimate. The coral records uncovered a clear decadal (~11 year) 
cycle in coral δ18O-inferred precipitation, which I propose is related to basin-wide 
processes, specifically a component of the Pacific Decadal Oscillation, which describes 
large-scale patterns in SST and precipitation influencing marine ecosystems. Multi-
frequency variations in precipitation are an important component of climate models and 
the inclusion of this decadal mode can further deepen our understanding of both past 
climate and enhance model predictions.  
To supplement the coral δ18O record, I created a coral Ba/Ca time series, which 
provided significant insight into river Q. As expected, the principal driver behind river 
discharge is precipitation, a pattern captured by coral Ba/Ca. Primarily, this work 
supports the use of coral Ba/Ca as a Q proxy, which is still a developing practice along 
the Pacific coast of Panamá. The coral Ba/Ca record can also be used to identify past El 
Niño events and prolonged periods of drought. This project furthers the understanding of 
the many ways that trace metals can be used in paleoceanographic research and more 
specifically, the interconnectedness of the Panamanian hydroclimate. 
In Part II, I present coral δ18O and Sr/Ca records from modern and fossil Great 
Barrier Reef (GBR) Isopora. Isopora is a columnar to submassive coral species that is 
nearly completely absent from the paleoceanographic literature. Although this suite of 
climate proxies is similar to those used in Part I, the stable isotopes and trace metals in 
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my coral samples from the GBR tell a story of SST variability rather than precipitation or 
river discharge. The difference in interpretation of my isotope and metal records in the 
GBR compared to Panamá is largely owed to local climate variability, specifically that 
the prevailing environmental oscillations occur in SST rather than rainfall on these 
timescales. Using the same analytical methodologies from Part I, I developed the first 
modern Sr/Ca- and δ18O-SST calibration using Isopora, a previously unutilized coral 
proxy host. The calibration is comparable to those calculated for the massive, more 
traditionally used corals (e.g. Porites) and allows me to translate geochemical data into 
temperature units from coral geochemistry. The ability to use Isopora in Pacific-based 
paleoceanographic research is immensely valuable because it does not limit studies to 
reef locations where Porites are dominant. 
Further, I applied the Sr/Ca- and δ18O-SST calibrations to a suite of GBR fossil 
corals collected on International Ocean Discovery Program 325 that date beyond to the 
Last Glacial Maximum (LGM) (~20 kyr BP) to ~ 25 kyr BP.  SST change since the LGM 
is widely studied at more equatorial locations. Therefore, measurements from the GBR 
expand the geographic extent of the LGM proxy network.  I measured ~5-7°C of cooling 
in the GBR at the LGM, not unexpectedly a higher magnitude of cooling compared to the 
more equatorial estimates based on other climate proxies (e.g. Koutavas and Sachs, 
2008). This underscores the need to create a denser network of multi-proxy studies to 
calculate the most probable temperature change at a given location since our last glacial 
phase. The SST response to the LGM in the GBR is crucial to our understanding of 
modern and future climate as it speaks to the conditions under which coral reefs can 
thrive and respond to abrupt climate change, specifically warming. 
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 In summary, this dissertation provides a suite of complementary studies that 
exhibit the many ways in which the same or similar coral-based climate proxies can be 
employed and interpreted throughout the tropical Pacific. My findings highlight the need 
to avoid making assumptions when interpreting data and to carefully consider the 
environmental nuances of a given region, which is dependent on the location of the study 
site and as well as the local and global climate conditions. Furthermore, each study 
supplements our paleoceanographic understanding of the tropical Pacific, while providing 
significant contributions to the development of climate predictions by enhancing climate 
models, informing government policies, furthering our understanding of coral reef 
resilience, and clarifying potentially analogous climate shifts. A thorough understanding 








Part I: Gulf of Chiriquí, Panamá 
 
Chapter 2: Coral δ18O evidence for Pacific Ocean mediated decadal variability in 
Panamanian ITCZ rainfall back to the early 1700s 
Chapter 3: Examining the utility of coral Ba/Ca as a proxy for river discharge and 





Coral δ18O evidence for Pacific Ocean mediated decadal variability in Panamanian ITCZ 
rainfall back to the early 1700s 
 
Citation: 
Brenner, L. D., Linsley, B. K., and R. B. Dunbar (2016), Coral δ18O evidence for Pacific 
Ocean mediated decadal variability in ITCZ rainfall back to the early 1700s, 





In Central America, seasonal and interannual shifts in the position of the Intertropical 
Convergence Zone (ITCZ) control the hydrologic budget. To better understand long-term 
changes in regional ITCZ-driven precipitation we re-examined a coral δ18O record from a 
Porites lobata coral head near Secas Island (Coral ID: S1) (7°59’N, 82°3’W) in the Gulf 
of Chiriquí on the Pacific side of Panamá. Linsley et al. (1994) originally published the 
277-year time series and first described the presence of a narrow-band decadal cycle (~ 9-
12 years) in the coral δ18O. The original study did not present potential drivers for the 
decadal cycle, although they ruled out the influence of the sun spot cycle. Our re-analysis 
of this record supports the original interpretation that coral δ18O is largely responding to 
variations in precipitation and associated river discharge, but with a new proposed 
mechanism to explain the decadal mode. There is no similar decadal cycle in gridded 
instrumental sea surface temperature from the area, suggesting that the decadal coral δ18O 
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signal results from hydrologic changes that influence coastal δ18Oseawater. The decadal 
component in S1 δ18O is also coherent with a decadal mode embedded in the Pacific 
Decadal Oscillation (PDO) Index that we suggest has tropical origins. We speculate that 
the coral’s temporary δ18O deviation (1900-1930) in the decadal mode from the 
corresponding bands in rainfall and the PDO can be ascribed to a weak PDO in addition 
to local Panamá gap wind variability and its effect on moisture transport from the 
Atlantic to the Pacific. Ultimately, the Secas Island S1 coral δ18O series records ITCZ-
driven precipitation dictated by both the Atlantic and Pacific basins. 
 
2.1. Introduction 
 Central American climate is strongly influenced by changes in the position of the 
Intertropical Convergence Zone (ITCZ). The ITCZ, a band of convecting atmospheric 
cells that encircles Earth, is located where the northern and southern trade winds 
converge near the equator (Philander, 1990; Schneider et al., 2014). Global precipitation 
is largely constrained by ITCZ position with its migration towards the warming 
hemisphere on seasonal and longer time-scales evident in both modern and 
paleoceanographic records (Schneider et al., 2014) (Figure 1). In addition to seasonal 
shifts of the ITCZ, extratropical mechanisms such as the decadal-scale evolution of mid-
latitutde and equatorial Pacific Ocean surface ocean temperatures collectively referred to 
as the Pacific Decadal Oscillation (PDO), can influence ITCZ position (Schneider et al., 
2014; Newman et al., 2016) 
 The meridional movements of the ITCZ, particularly over Central America and 
more specifically the Pacific coast of Panamá, are responsible for seasonality in 
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precipitation (Figure 1). Although multiple climate models are able to reproduce these 
ITCZ movements, model dynamics are based on limited data and lack a long term 
observational context or evaluating the interannual and low frequency decadal and 
secular (long-term) variability underlying the typical seasonal shifts (Kumar et al., 2003; 
Soden and Held, 2006). There are few high-resolution seasonal reconstructions of ITCZ 
variability, and even fewer records extending back to the pre-industrial era. Coral-derived 
geochemical time series may be able to fill this data void by providing records of past 
precipitation on interannual and longer, low frequency time-scales. 
 The pronounced rainfall gradient associated with seasonal meridional ITCZ 
oscillations over the Gulf of Chiriquí combined with very low amplitude annual sea 
surface temperature (SST) variability make this region an excellent location to study 
long-term precipitation patterns using coral skeletal oxygen isotope analyses (δ18O). 
Coral δ18O is known to be primarily influenced by both SST and the δ18O of seawater, 
which is linearly related to local sea surface salinity (SSS) (Fairbanks et al., 1997). In 
some regions, like the Gulf of Chiriquí, precipitation and river discharge lead to seawater 
δ18O variability that has a significantly greater effect on coral δ18O than the 
approximately -0.23 ‰ °C-1 effect of SST (Epstein et al., 1953). Corals from this setting 
may provide a unique means for studying regional hydroclimate that is directly related to 
the ITCZ. Previous δ18O analyses conducted on a Porites lobata coral core from Secas 
Island, Panamá, in the Gulf of Chiriquí, elucidated decadal (~9-12 years) variability in its 
δ18O record spanning 1707-1984 CE (Coral ID: S1) (Linsley et al., 1994) (Figure 2). 
 However, no potential mechanisms for this cycle were presented in the original 
publication leaving the source of the variability and its potential impacts unexplored. 
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Here we will present evidence that the decadal component in coral δ18O in the Gulf of 
Chiriquí tracks decadal changes in the Pacific spatial SST field via its influence on both 
wet and dry season rainfall. The PDO is defined as the leading principal component of 
North Pacific monthly SSTs north of 20°N (from 1900 to 1993). The positive and 
negative PDO index tracks anomalously warm or cool conditions in the north Pacific, 
respectively, with basin wide impacts on ecology, precipitation, and temperature. A 
recent assessment by Newman et al. (2016) indicates that the PDO is a confluence of 
basin-wide phenomena whose combined tropical and north Pacific forcings equate to the 
SST anomalies characteristic of the PDO. The three major processes that comprise PDO 
variability include: 1) ocean surface heat flux related to stochastic local weather driven 
by the Aleutian low, 2) ocean thermal inertia as “re-emergence” coined ocean memory, 
and 3) decadal variability in the Kuroshio-Oyashi current (Newman et al., 2016). In 
particular, the ocean heat flux and Ekman (wind-driven) transport driven by stochastic 
local weather is linked through the atmospheric bridge to interdecadal and decadal ENSO 
forcing (Newman et al., 2016). Ultimately, the PDO is a complex system of forcings and 
climate modes acting across a spectrum of timescales. Therefore, delineating how or why 
the PDO or its impacts influences a certain region becomes complex. Our analysis 
suggests that a tropically forced decadal mode embedded within north Pacific SST, which 
is one component of the PDO Index (Newman et al., 2016), appears to be related to the 
narrow-band of decadal variability in our S1 coral δ18O record by regulating Panamanian 




2.2. Modern Panamanian Climate 
 During boreal summer the ITCZ migrates northward to between 8°N and 12°N 
stimulating the Panamanian wet season from May-November, with maximum rainfall in 
September, while its southward retreat in the boreal winter leaves the region dry from 
December-April (Horel, 1982; Linsley et al., 1994) (Figure 1). Total wet season rainfall 
amounts to 2,000-3,000 mm, whereas precipitation during the dry season only totals 200-
500 mm, thereby setting up a stark precipitation gradient associated with the meridional 
ITCZ movement (Poveda et al., 2006; Lachniet, 2009; Valiela et al., 2012) (Figure 3). 
Additionally, Panamá’s monthly precipitation data clearly depicts consistent seasonal 
precipitation oscillations with only one annual maximum, suggesting that, at least since 
the early 1900s, the ITCZ has not moved significantly north of Panamá. 
 Zonal atmospheric convection patterns (Walker Circulation) also influence 
precipitation in Panamá. Instrumental precipitation data from several sites in Panamá 
show clear impacts of ENSO. Interannual variability in tropical paleoclimate records can 
often be attributed to individual El Niño and La Niña events, which have a recurrence 
interval of 3-8 years, and depending on the location can be characteristic of drought or 
extreme rainfall rivaling the wet-dry season contrast (Cole et al., 1993; Urban et al., 
2000; Cobb et al., 2013). Under El Niño conditions, Panamá becomes relatively dry with 
anomalously elevated SSTs as the ITCZ remains in a more southerly position 
(Ropelewski and Halpert, 1987; Ropelewski and Halpert, 1989; Kiladis and Diaz, 1989).  
 In addition to the impact of Walker Circulation and Hadley Cell dynamics on the 
position of the ITCZ, cross-isthmus gap wind variability also influences Central 
American climate. The Central American Cordillera focuses drainage of the ITCZ-driven 
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rainfall into the Gulf of Chiriquí and partially blocks the trade winds, limiting upwelling 
and therefore minimizing seasonal SST variability (Duque-Caro, 1990; Glynn, 1977). 
The gap winds also modulate air temperature in Panamá creating cooler conditions along 
the Pacific side during the dry season when winds blow westward across the isthmus 
(D’Croz and O’Dea, 2007; D’Croz and O’Dea, 2009). Although the winds can create 
subtle spatial variability in temperature, the country’s near-equatorial location and 
topographic trade wind blocking limit temporal variability with temperatures hovering 
around 30°C. SSTs are also relatively invariant throughout the year, averaging ~28°C in 
the Gulf of Chiriquí with an average annual amplitude of ~1°C compared to the 
neighboring Gulf of Panamá with a 4-8°C annual amplitude (Glynn, 1977; Linsley et al., 
1994; Alory et al., 2012; Wade McGillis pers. comm.) (Figure 3). The eastward flowing 
North Equatorial Counter-Current (NECC) dominates offshore conditions in the Gulfs of 
Panamá and Chiriquí while westward wind-driven flow away from the coast abutting the 
Gulf of Panamá. The dissimilarity in SST variability between the two gulfs underscores 
the differences in their respective upwelling regimes.  
 Unlike SST, sea surface salinity (SSS) (all salinity measurements based on the 
Practical Salinity Scale of 1978, PSS-78) in the coastal waters along Pacific Panamá 
exhibit a large annual amplitude of about 3 owed to the seasonal shifts in the ITCZ and 
resulting variability in rainfall and river discharge (Delcroix et al., 2011; Alory et al., 
2012) (Figure 3). During the dry season about half of the precipitation in the region is 
derived from the Atlantic when the ITCZ is located in its more southerly position and 
when strong northeasterly trade winds carry Caribbean-sourced water vapor over the 
isthmus towards the Pacific (Benway and Mix, 2004; Prange et al., 2010). In addition to 
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the meteoric freshwater input, a series of 8 watersheds along the Pacific coast of Panamá 
drain into the Gulf of Chiriquí and can directly influence local SSS (Valiela et al., 2012). 
While seasonal SST variability within the inner reaches of the Gulf of Chiriquí is greatly 
reduced relative to the Gulf of Panamá due to the geographic blocking of the seasonal 
trade winds, SSS is more similar with large amplitude seasonal freshening of 2.5 and 2.1 
in the Gulf of Chiriquí and Gulf of Panamá, respectively. The SSS at the mouths of the 
estuaries ranges from as low as 20 during the wet season to 31-31 during the dry season 
(Valiela et al., 2012). The freshwater discharge extends into the Gulf of Chiriquí and Gulf 
of Panamá out to ~300 km during the wet seasons, effectively amplifying the 
precipitation signal recorded by coral δ18O in the region (Linsley et al., 1994). 
 Alory et al. (2012) investigated the seasonal dynamics of this eastern Pacific fresh 
pool using complementary satellite wind, rain, sea level and in situ oceanic current data at 
the surface, along the hydrographic profiles. Their observations depicted the quasi-
permanent presence of a far eastern Pacific fresh pool with SSS lower than 33, which is 
confined between Panamá’s west coast and 85°W in December and extends to 95°W in 
April. The fresh pool appears off Panamá due to the strong summer rains associated with 
the northward migration of the ITCZ over Central America in June. The eastward-
flowing NECC traps the fresh pool against the coast and strengthens the SSS front on its 
western edge. As the ITCZ moves southward in the winter, the northeasterly Panamá gap 
wind creates a southwestward jet current in its path. As a result, upwelling in the Panamá 
Bight brings cold and salty waters to the surface that erode the fresh pool on its eastern 
side while the jet current and the enhanced South Equatorial Current stretch the fresh 
pool westward until it nearly disappears in May. The relatively stable SST in the Gulf of 
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Chiriquí combined with the large influence of ITCZ-related precipitation and river 
discharge on surface salinity makes it a unique study site for using coral δ18O to evaluate 
past changes in hydroclimate. 
 
2.3. Methods 
2.3.1. Coral Core Study Site and Sample Preparation 
 The Secas Island coral core (core ID: S1) was collected from a living massive 
Porites lobata coral head in June of 1984 by Secas Island (7°59’N, 82°3’W), 25 km south 
of mainland Panamá in the Gulf of Chiriquí (Figure 2). The S1 coral head was located at 
3 m water depth and the core totaled 2.8 m in length. As discussed in Linsley et al. 
(1994), the cylindrical core was cut perpendicular to the coral growth bands into 7 mm 
thick slabs using a water-cooled rock saw. The slabs were cleaned in deionized water and 
were X-rayed in a Philips Radiflour medical X-ray unit (at 35 Kv). The X-ray positives 
elucidated the density couplets used to identify the maximum growth axis, which served 
as the sampling pathway down the entire core (Figure 4). Subannual CaCO3 samples were 
hand-drilled down core at 1 mm intervals by excavating a 2 mm wide by 2 mm deep 
trough. 
2.3.2. Age Model and Chronology Development 
 The X-ray positives of S1 revealed clear alternations of low- and high-density 
annual growth bands (Linsley et al., 1994) (Figure 4). Porites from the Gulf of Chiriquí 
secrete low-density bands during the dry season when photosynthetic rates increase due 
to decreased cloud cover, less frequent storms, and increased solar radiation reaching the 
sea surface (Linsley et al., 1994; Glynn 1983; Wellington and Glynn 1983). The elevated 
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photosynthesis increases skeletal extension rates, thereby forming low-density coral 
skeletal aragonite. During the wet season, photosynthesis generally decreases due to 
ITCZ-drive storms and higher cloud cover. The decreased photosynthesis rate leads to a 
lowered extension rate, which could also be a stress response to lower salinities, and 
results in thicker skeletal elements (higher density growth bands) at those times.  
 The S1 δ18O record spans 277 years from 1707 to 1984 CE with a total of 2,739 
discrete samples. There is a clear ~1.0 ‰ annual δ18O cycle and an average growth rate 
of ~ 11 mm year-1. After considering the timing and impact of precipitation and river 
discharge on skeletal aragonite δ18O, Linsley et al. (1994) attributed the lowest coral δ18O 
value in a given year to the month corresponding with the greatest amount of rainfall that 
year. The final time series was developed using the ARAND software package (Howell et 
al., 2006). In this study we have re-interpolated the S1 time series to 12 points per year, 
rather than 10 points as was done in the original publication (Linsley et al., 1994). 
Because our interest here was to further investigate the decadal-scale variability in this 
record, calendar year annual average δ18O was calculated from the subseasonal data prior 
to further time series analysis. Based on the time series we also created annual average 
wet and dry season values. Although the dry season spans part of two calendar years 
(November/December-April), for analytical purposes the year of the dry season was 
attribute to the year in which it started.  
2.3.3. Analytical Methods 
 The S1 coral powders were dissolved in ~ 100% H3PO4 at ~ 90 °C and the 
resulting CO2 gas analyzed on a VG Micromass 602E mass spectrometer at Rice 
University (see Linsley et al., 1994). The entire core was analyzed with 15% sample 
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replication with a replicate standard deviation of 0.053 ‰. In addition, The National 
Institute of Standards and Technology (NIST)-20 standard was analyzed 203 times per 
run yielding a δ18O standard deviation of 0.067 ‰. 
 In this study we used singular spectrum analysis (SSA) to isolate and evaluate the 
various oscillatory modes in the annual average S1 time series with the ssaX program, 
written and compiled by E. Cook at the Lamont-Doherty Earth Observatory Tree Ring 
Laboratory. We varied the window length (M-value) on multiple SSA runs to identify the 
stable eigenvectors. Previously described by Linsley et al. (1994), this analysis revealed a 
stable set of narrow-band modes with mean periods between 9 and 12 years (Table 1). 
The SSA procedure is described in earlier studies presented by Fukunaga (1970), Vautard 
and Ghil (1989), Vautard et al. (1992). To determine the correlation of the various time 
series we used the Pearson product-moment correlation and accounted for the reduced 
degrees of freedom from the annual averages. Correlation coefficient descriptors (e.g. 
weak, moderate, strong) were applied according to the guidelines set forth by Evans 
(1996). 
2.3.4. Coral δ18O Interpretation 
 The seasonal SST variability is weak and irregular relative to the large amplitude 
in seasonal variability of rainfall and SSS in the Gulf of Chiriquí. Therefore we conclude, 
as did Linsley et al. (1994), that the ~ 1 ‰ seasonal cycle amplitude in coral δ18O is 
largely driven by seasonal changes in precipitation and the consequent change in 
δ18Oseawater. To support this assertion we created 3 pseudocoral δ18O records using 
instrumental data: one based solely on SST and two based on SST and SSS with different 
SSS sensitivities (Figure 3).  
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 The monthly SST data were acquired from the International Comprehensive 
Ocean-Atmosphere Dataset (ICOADS) and Extended Reconstructed Sea Surface 
Temperature (ERSST) over the Pacific region of Panamá (8°N, 82°W), which indicated a 
small sporadic annual SST cycle with an average SST of 28°C and an average annual 
amplitude of 1°C (Figure 3). The SSS data were taken slightly offshore (7.5°N, 82.5°W) 
from the Delcroix et al. (2011) gridded SSS database. Because the regional SSS data, 
upon which the pseudocoral δ18O was derived, appears to be largely driven by rainfall 
and river discharge over the area, we compared our coral data to two precipitation 
databases: a monthly resolution record from the University of East Anglia’s Climatic 
Research Unit (UEA CRU)(2.5°lat × 3.75°long grid) centered over the Gulf of Chiriquí 
(7.5°N, 82.5°W) back to 1900 and an annual average record from a composite of 4 
Pacific coast rain gauges to provide a regional representation back to 1856.  
 The pseudocoral modeling exercise indicates that the average annual amplitude in 
coral δ18O attributed to SST variability (based on ERSST) is 0.26 ‰ and its influence on 
coral δ18O is offset by months from the influence of salinity (see Figure 3). The addition 
of the SSS data converted to per mille space via commonly accepted global and tropical 
δ18O-SSS sensitivities (0.47 and 0.27 ‰ S-1, respectively) yielded a pseudocoral δ18O 
annual amplitude similar to the S1 record, even if we disregard the SST contribution 
(Figure 3). Therefore, we attribute the majority of the variability within the δ18O annual 
cycle to oscillations in precipitation and river discharge, as did Linsley et al. (1994), re-
affirming the age model development process of associating annual δ18O minima with 




 The S1 δ18O record exhibits clear seasonal variations, identified by a single peak 
(δ18O minima) during Panamá’s wet season (Figure 5). Throughout the entirety of the 
δ18O record the average annual amplitude is 0.85 ‰ with a standard deviation of 0.21 ‰ 
and a secular (long-term) trend with an amplitude of 0.30 ‰ towards more depleted 
values. 
 We used SSA to separate the dominant temporal modes in S1 coral δ18O into 
reconstructed components (RC). An analysis of the raw data showed that, as expected, 
the annual cycle in coral δ18O accounted for ~50% of the total variance. In order to more 
closely examine lower frequency oscillations we calculated an annually averaged S1 δ18O 
series from the subseasonal data and re-ran SSA on the raw and detrended versions of the 
data. Both analytical approaches resulted in similar results for the decadal and interannual 
bands but we report the SSA analysis of the detrended annual average S1 δ18O data. In 
this study the decadal mode is defined as the sum of all eigenvectors with average modes 
of 9-12 years to provide a bookend around the 10-year mark without entering into the 
typical El Niño band. 
 The SSA of the annual average S1 coral δ18O record showed that 15% of the 
variance is in the decadal band and primarily associated with a pair of RCs in quadrature 
with a mean period of 9 years (Figure 6, Table 1). To assess the regional rainfall 
variability we applied SSA to the composite regional annual average precipitation record 
we generated back to 1856, which also yielded a narrow decadal band (9-12 years) 
responsible for 9% of the variance following an ENSO mode (~20%) (Table 1). The 
decadal mode in annual average precipitation is well correlated to annual average coral 
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δ18O decadal RCs with a moderate correlation coefficient of R=-0.58 (p<0.001) from 
1984 back to 1930 (Figure 6, Table 2). Prior to 1930 our precipitation composite drops 
from an average of 4 locations to just 2 and therefore may be biased before 1930. 
 To further evaluate S1 coral δ18O variability we detrended the separate annual 
average δ18O records for the wet and dry seasons to examine season-specific variability 
over time (Figure 7). A comparison of the detrended wet and dry season δ18O values 
within the same year are directly correlated, R=0.58 (p<0.001) for the entire record 
(Table 2). Both the wet and dry season δ18O records contain decadal-scale oscillations 
responsible for 34% and 15% of the total variance, respectively. The amplitude of the 
decadal cycles in the wet and dry seasons are largely in accord with one another, with 
exception of a brief period from about 1920-1935 and 1850-1865 when the δ18O dry 
season amplitude is small and irregular in comparison to the corresponding wet season. 
This is the same interval over which the decadal RC in precipitation is misaligned with 
the decadal RC in coral δ18O. All correlations involving the annual and seasonal average 
records from the coral decadal mode are provided in Table 2. 
 
2.5. Discussion 
2.5.1. Assessing the SST and Precipitation Signals in the Coral δ18O Records 
 Based on all available data, we suggest that in this unique setting seasonal and 
decadal variations in coral δ18O are strongly influenced by change in ITCZ-driven rainfall 
and the consequent river runoff into the Gulf of Chiriquí. Assuming an SST sensitivity of 
-0.23 ‰ C-1 (Epstein et al., 1953; Wellington et al., 1996), the annual SST signal results 
in an irregular oscillation, only contributing ~20% to annual average coral δ18O 
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variability. Our pseudocoral records suggest that seasonal coral δ18O is largely affected 
by precipitation and river discharge (Figure 3). While the SST history from the Gulf of 
Chiriquí is difficult to decipher using coral δ18O, the pronounced seasonal precipitation 
gradient made for an excellent opportunity to reconstruct ITCZ-driven rainfall and runoff.  
 As was mentioned earlier, a unique aspect of the S1 study site at Secas Island is 
its protection from wind driven upwelling that defines the nearby Gulf of Panamá. The 
heterogeneous nature of the Panamá’s Pacific coast is evident in the varied conditions 
between the Gulf of Chiriquí and the Gulf of Panamá (Figure 8). The Central American 
Cordillera abutting the Gulf of Chiriquí effectively blocks the westward flowing gap 
winds that drive the upwelling of cool waters in the neighboring gulf (Alory et al., 2012). 
More specifically, during the boreal winter the ITCZ shifts southward allowing the 
northeasterly Panamanian gap winds to develop a southwestward jet (Alory et al., 2012). 
The gap wind-driven jet elicits Ekman pumping in its wake, resulting in strong upwelling 
in the Panamá Bight, replacing the eastern tropical Pacific warm pool with cold, saline 
water (Alory et al., 2012). Since Secas Island is located in the heart of the Gulf of 
Chiriquí where SSTs do not have a distinct seasonal cycle we are able to interpret the 
coral δ18O records without the influence of upwelling. 
 The mean annual skeletal δ18O contains a small secular trend towards more 
negative δ18O values in the 20th century. The S1 coral exhibited a decrease of 0.30 ‰ 
with most of the change occurring from 1830 to 1860 (Linsley et al., 1994). The original 
interpretation, based on our established relationship between coral δ18O and precipitation, 
is that coral δ18O reflects a shift towards a wetter hydroclimate over Pacific Panamá 
(Linsley et al., 1994). More notable is that the amplitude of the secular trend is smaller 
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than those found in other tropical Pacific Porites δ18O records (e.g. Linsley et al., 2006; 
Dassié et al., 2014). We speculate that the secular trend in coral δ18O is largely a measure 
of SSS change (decrease) 0f 0.6-1.1 (global vs. tropical δ18O-SSS relationships. Linearly 
extrapolating instrumental SSS to 1909 to extend the record as far back as the coral δ18O 
series, yields a long-term change of ~1.6, slightly larger than our calculated value. The 
secular tend amplitude would have to be larger if it were to incorporate SST in addition to 
the SSS variability. The lack of an SST influence may explain why the S1 secular trend is 
smaller than those found in most other Pacific Porites δ18O records.  
2.5.2. Seasonality in δ18O-Inferred Precipitation  
 In examining the seasonal hydrologic budget of Panamá it is important to note 
that moisture flux to the region is impacted by variability emanating out of both the 
Pacific and Atlantic basins (Benway and Mix, 2004; Mestas-Nuñez et al., 2007; Lachniet 
et al., 2007; Lachniet, 2009). Atmospheric moisture that evaporates from warm 
Caribbean surface waters is seasonally transported over the isthmus where it precipitates 
over Central America and the eastern Pacific Ocean. About 0.1-0.3 Sv of freshwater is 
transported annually from the Atlantic to the Pacific via cross-isthmus vapor movement 
(Zaucker and Broecker, 1992; Prange et al., 2010). This net export of freshwater makes 
the surface of the tropical and subtropical Atlantic relatively salty, which may be a major 
influence on meridional overturning circulation by preconditioning north Atlantic surface 
waters before they move north (Prange et al., 2010).  
 Earlier studies examined the isotopic fingerprint of precipitation over the Panamá 
Bight in an effort to determine its source and better understand the Atlantic-Pacific 
teleconnection. Pacific-sourced moisture transport dominates during the rainy season 
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(boreal summer and autumn) when the ITCZ is in its most northerly position (Prange et 
al., 2010). During the dry season, cross-isthmus transport increases and Atlantic-sourced 
moisture is transported while the ITCZ is more southerly and the northeasterly trade 
winds are strong (Prange et al., 2010; Brienen et al., 2012; Gloor et al., 2013). This leads 
to more upwelling and potential advection of cold water from the Gulf of Panamá. The 
δ18O of precipitation decreases with increasing distance from the Caribbean Sea (Benway 
and Mix, 2004), therefore dry season precipitation has higher δ18O than Pacific-sourced 
rain in the wet season. Thus, coral δ18O is influenced by this source-effect in the same 
direction as the amount-effect. Ultimately precipitation and runoff into the Gulf of 
Chiriquí can be influenced by changes in the ITCZ position over the eastern Pacific and 
Panamá as well as moisture flux from the Caribbean.  
 As expected, the average δ18O wet season values are lower than the dry season 
averages. In the decadal band there is a significant relationship (R=-0.58, p<0.001) 
between wet and dry season values in a given year. The wet seasons with particularly low 
δ18O values were associated with dry seasons that also recorded low δ18O (Figure 7). A 
question is whether the dry season following a particularly rainy wet season is wetter than 
a normal (average) dry season or if the relationship in coral δ18O is responding solely to a 
memory effect of delay in the Gulf of Chiriquí basin drainage. A comparison of average 
wet and dry season precipitation from the monthly rainfall dataset extending back to 1900 
revealed that the relationship found in coral δ18O exists in the wet- and dry- seasonal 
average records of monthly instrumental rainfall data as well (R=0.74, p<0.001 from 
1994 to 1901). This suggests that during particularly rainy wet seasons the ITCZ may be 
held farther north for longer, creating wetter than normal conditions during the typically 
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dry months following the wet season. However, we cannot rule out the presence of a 
hydrologic memory effect in the drainage basin since the Pacific coast of Panamá is 
dotted with multiple rivers emptying into the Gulf of Chiriquí.  
2.5.3. Decadal Scale Variability in Coral δ18O 
 The origin of the pronounced decadal-scale mode in Secas Island coral δ18O was 
not resolved by Linsley et al. (1994). Decadal variance was concentrated near a period of 
9 years, but shown to vary from ~ 7 to ~ 11 years over the length of the 277 year long 
record. Less pronounced and regular multi-decadal variance in S1 coral δ18O was also 
present (Linsley et al., 1994). Since there was no similar decadal component in 
instrumental SST but there was is a decadal mode in regional rainfall (Figure 6), and 
perhaps also in instrumental SSS (see Linsley et al., 1994), we determined that the 9-12 
year variability in S1 coral δ18O was due to precipitation and river discharge, collectively 
hydrology. Linsley et al. (1994) ruled out direct forcing via the solar cycle since there 
was no clear correlation between the number of sunspots and precipitation or coral δ18O. 
Here we explore the origin of this decadal mode in coral δ18O in more detail.  
 SSA of annual average regional precipitation data for the Pacific coast of Panamá 
isolated a decadal cycle, which tracked the corresponding coral decadal RC moderately 
well with a correlation coefficient of R=-0.58 (p<0.001) from 1984 back to 1930 (Figure 
6). We incorporated multiple RCs to develop the decadal component (Table 2). SSA 
output of annual average coral δ18O yielded a 9 year cycle (eigenvectors 1, 2) and an 11 
year mode (eigenvector 15, 16) totaling 15% of the variance. The prominence and 
persistence of these cycles over multiple M-values (window lengths) suggests that the 
decadal mode comprises a significant part of the δ18O variance. The presence of a decadal 
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component in precipitation in accord with the corresponding decadal coral δ18O band 
suggests that this mode of variability is related to the ITCZ. Additionally, the particularly 
wet interval in the early 1970s, evident in the instrumental record (Figure 3), proves to be 
regional in its scope as evidenced by an Amazon River tributary discharge record and an 
Amazonian tree ring δ18O record (Brienen et al., 2012). Both records point to an increase 
in precipitation during this interval (Brienen et al., 2012). Later modeling a work by 
Gloor et al. (2013) on the Amazonian catchment further supports the decadal hydrologic 
pattern, suggesting that this wet phase from 1970s-1990s may not be solely driven by the 
ITCZ. 
 Decadal changes in North Pacific SST and associated ocean-atmospohere 
variability is the result of a series of inter-related extratropical and tropical processes that 
have been collectively captured (quantified) in the PDO Index (Mantua et al., 1997; 
Zhang et al., 1997; Newman et al., 2016). Instrumental SST data indicate that 
interdecadal climate variability over much of the Pacific Ocean was coherent in the 
twentieth century. Including data from the South Pacific, Power et al. (1999), Deser et al. 
(2004), and Folland et al. (2002) refer to the decadal SST variability as the Interdecadal 
Pacific Oscillation (IPO). Recently, the sum of the subtropical and equatorial processes 
responsible for the IPO-PDO pattern in Pacific SST has been linked to changes in global 
temperatures (e.g. Trenberth and Fasullo, 2013; Dai, 2013) apparently via its effect on 
heat storage in the upper water column of the Pacific. This linkage is created in part by 
decadal changes in trade wind-driven shallow meridional overturning circulation 
(England et al., 2014). 
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 The IPO-PDO phases are two to three decades in length. Positive IPO-PDO 
phases are associated with warming in the eastern Pacific and cooling in the central gyre 
regions with lower than average sea level pressure in the north Pacific (Mantua and Hare, 
2002). During the negative phase of the IPO-PDO the SST and sea level pressure 
temporal patterns reverse yielding warming in the central Pacific gyres, cooler SSTs 
along the North American coast and higher sea level pressure in the north and south 
Pacific. IPO-PDO extremes are further expressed as anomalously warm (negative phase) 
or cold (positive phase) conditions in the central Pacific Ocean gyres north and south of 
20°. Central gyre temperatures are likely one of the most important determinants of the 
IPO-PDO that can influence the decadal phase of ITCZ-driven precipitation. The 
instrumental SST-based North Pacific PDO index recorded negative phases from 1890-
1924, 1947-1976, and after 1999 and positive phases from 1926-1946 and 1977-1998 
(Mantua et al., 1997 and updates).  
 The results of Newman et al. (2016) highlight the importance of tropical and 
extratropical processes in shaping the PDO (and IPO) and suggest that variability 
operating at both decadal and interdecadal-scales are involved. While the PDO phase is 
defined by north Pacific SSTs, SST variability in the north Pacific is the end result of the 
coalescence of basin-wide phenomenon that may also dictate climate into parts of North 
America (see Graham, 1994; Latif and Barnett, 1994; Nigam et al., 1999; D’Arrigo et al., 
2001; Dai, 2013). Our SSA of the annual average instrumental PDO Mantua and Hare 
index with a series of different M-values identified a stable set of RCs with mean periods 
of 9 years, a subset of the total PDO variance (Table 1). We elected to isolate this decadal 
mode of the PDO (hereafter termed DPDO) by averaging all RCs from 9 to 12 years for 
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comparison to the corresponding S1 coral δ18O decadal RCs (Figures 6, 7). The decadal 
phase in S1 δ18O and the DPDO are moderately correlated, yielding an R=0.51 
(p<0.001), for the entire interval over overlap. The relationship between the two is 
reduced due to the misalignment from 1900 to 1930, which, if omitted, yields a stronger 
correlation of R=0.73 (p<0.001). 
 There is a complex system of ocean-atmosphere interactions linking the tropics 
and the subtropics that are captured in the PDO index. Newman et al. (2016) deconstruct 
the PDO into 3 main dynamical processes influencing SST in the north Pacific, central 
Tropical Pacific, and Eastern Tropical Pacific, whose sum produces a reconstructed index 
that simulates PDO observations. As discussed below, the decadal band extracted from 
our coral δ18O record may be responding to the influences of the equatorial Pacific 
variability that contributes to the total PDO regime.  
 El Niño events in Panamá are characterized by warm and dry conditions, making 
them difficult to identify in coral δ18O. While the Gulf of Chiriquí coral δ18O record may 
not be an accurate archive of individual El Niño events, the DPDO, which influences 
coral δ18O via precipitation may speak to low frequency patterns in the Eastern Tropical 
Pacific climate phenomenon. If our DPDO is related to the Eastern Tropical component 
of the PDO as defined by Newman et al. (2016) we would expect to see a relationship 
with low frequency ENSO. We extracted the decadal component of the annually 
averaged Niño 3.4 SST index (from Kaplan et al., 1998) in an effort to better define the 
DPDO. The DPDO and the decadal component of Niño 3.4 were weakly correlated 
(R=0.31, p<0.001), suggesting that the DPDO and lower frequency SST on the equator 
are at least in part related, supporting the multi-source variability theory (Newman et al., 
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2016). The tropical variability embedded in the PDO index connects to the North Pacific 
via an atmospheric bridge. Our comparison of the DPDO with the decadal phase of 
Panamanian precipitation shows that more negative excursions in the DPDO index are 
indicative of wetter conditions. Applying that link to the DPDO-Niño 3.4 relationship we 
determined that warmer Niño 3.4 values were synchronous with drier periods in Panamá 
and likely more frequent or extended El Niño events led to periods of prolonged drought. 
 The DPDO has been examined in other literature but the manifestation of its 
influence on climate proxies varies. Dassié et al. (2014) also isolated the DPDO and 
combined it with an interdecadal phase and found a direct relationship with the 
decadal/interdecadal component in a Fijian coral δ18O composite record, yielding a 
correlation coefficient of R=0.36. They also found that decadal/interdecadal components 
in coral δ18O track other climate indices (e.g. SOI, R=0.59) in the South Pacific. It is not 
unprecedented for coral geochemistry to be an archive of low frequency climate 
oscillations and speaks to the complex nature of coral paleoceanographic records.  
 The strength of the decadal variability embedded within the PDO fluctuates 
through time. The D’Arrigo et al. (2001) tree ring PDO reconstruction may suggest that 
the DPDO’s prominence changed through time. According to the study a shift towards 
more interannual/ENSO-type variability comprised most of the PDO variance from the 
mid 1800s until the 1976-77 PDO regime change (D’Arrigo et al., 2001; Villalba et al., 
2001). After this shift to the positive PDO phase the decadal component regained its 
earlier prominence (D’Arrigo et al., 2001). The oscillation in the dominating mode of 
variability in the PDO index supports the view that it is a compilation of basin wide 
processes operating on different timescales.  
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 Establishing that S1 coral δ18O and the DPDO are related suggests that local 
hydroclimate along Pacific Panamá varies with the PDO. The decadal component in the 
annual average DPDO Index and decadal variability in Panamanian rainfall were strongly 
correlated (R=-0.62, p<0.001) back to 1930, at which point our precipitation composite 
shrinks from 4 to 2 stations. This suggests that the DPDO influences ITCZ-driven eastern 
tropical rainfall, which is archived in the coral geochemistry. However, the correlation 
for the entire record was slightly reduced to a moderate correlation (R=-0.42, p<0.001), 
which may be due to the reduction in the number of rain gauges or a disturbance in the 
typical hydroclimate. 
 In addition to the relationship with Pacific variability, the annual average S1 coral 
δ18O exhibits an inverse relationship with the Atlantic Multidecadal Oscillation (AMO), 
albeit weaker than with the PDO. The AMO is the detrended anomaly of average SSTs in 
the North Atlantic Ocean (Gray et al., 2006; Lachniet et al., 2007). Previous reanalysis 
and modeling studies (e.g. Alexander et al., 2014; Kang and No, 2014) show that stronger 
than typical trade winds and warmer air over the western tropical Pacific is frequently 
accompanied by positive AMO and negative IPO-PDO phases (England et al., 2014). 
During extended, strongly positive AMO phases the ITCZ is held northward, exposing 
Panamá to prolonged rainfall (Schneider et al., 2014). The decadal component of the 
AMO slightly leads the decadal component in the PDO. However, when the decadal RC 
of the AMO is more positive it is coincident with minima in the PDO decadal RC (Figure 
6). Panamá’s hydroclimate is multifaceted, influenced by variability originating from 
both the Atlantic and Pacific basin, however, the AMO’s influence is swamped in 
comparison to the PDO’s control over annual rainfall, particularly the wet season. 
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 From 1900 to 1930 the decadal cycle in S1 δ18O is poorly correlated to the 
corresponding bands in precipitation and PDO. Changes in the decadal component in 
Panamanian precipitation and the DPDO are poorly correlated to S1 δ18O during that 
period and the S1 wet and dry season averages exhibit asynchrony as well. To better 
understand this period of discord we revisited our age models and X-rays to corroborate 
the placement of our sampling paths and also determined that no track jumps or core 
breaks occurred near the interval in question. While these findings don’t completely rule 
out chronology issues it is not likely that one could account for such a shift, particularly 
because the coral δ18O decadal reconstructed components are in accord with precipitation 
before and after the 1900-1930 mismatch period (Figure 6). In addition to revisiting our 
age models, we examined the decadal bands in annual average regional instrumental 
precipitation, the PDO, and the AMO all with independent chronologies, which revealed 
reduced amplitudes and a change in the phase relationship between the three indices. 
Ultimately, 1900-1930 appears to a climatically confusing period for decadal variability 
relative to the mid-to-late 20th century. In this interval our analysis indicates that: 1) The 
strength (i.e. amplitude) in both the DPDO and the decadal band in the AMO is reduced, 
2) the consistent mid-to-late 20th century phasing between the PDO and AMO with the 
slight lead in the AMO, and 3) the annual average decadal RC in regional precipitation is 
also less straightforward, temporarily aligning with neither the DPDO nor AMO. The 
transient dissolution of the PDO-AMO relationship in the 1900-1930 period and the 
simultaneous change in the influence on regional precipitation is a likely candidate for 
the coral δ18O-preciptation asynchrony. Additionally, we speculate that this interval of 
discord between the S1 and precipitation decadal RCs may have been due to a shift in the 
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dominant climate forcing on δ18O such as an influence from upwelling in the Gulf of 
Panamá and its subsequent SST variability. 
 In an effort to more precisely determine the climate phenomena likely controlling 
the decadal variability in Panamanian precipitation we separately analyzed wet and dry 
season δ18O values from the S1 coral δ18O record using SSA. The DPDO is strongly 
correlated to the corresponding oscillation in the wet season δ18O (R=0.66, p<0.001), 
omitting 1900-1930. This supports our assertion that on decadal timescales coral δ18O is 
responding largely to changes in precipitation and that the spatial SST patterns associated 
with PDO influence precipitation in Panamá. We originally expected that the wet season 
variability would be controlled by the PDO and the dry season most influenced by the 
AMO, based on the contributing vapor source. Although this premise held true for the 
wet season it was not the case from the dry months. The comparisons between the 
decadal phases in the AMO with S1 seasonal δ18O averages did not yield any significant 
correlations. Additionally, we suspect that annual average coral δ18O represents an 
integrated signal resulting from regional Panamanian precipitation, since the decadal 
phases in the AMO and precipitation were moderately correlated (R=0.53, p<0.001). The 
decadal phase in the AMO was weakly correlated to the corresponding RC in annual 
average S1 δ18O (R=-0.30, p<0.001) and only when the 1900-1930 period was omitted. A 
significant relationship would support the recent studies that suggest the positive AMO 
phase is indicative of warmer Atlantic SSTs and is correlated with precipitation along the 
Pacific coast of Panamá and an ITCZ held further north over the eastern tropical Pacific 
(see Alexander et al., 2014; England et al., 2014; Kang and No, 2014; Schneider et al., 
2014). Our coral δ18O record, however, only subtly tracks AMO variability. 
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 The relationship between the DPDO and the decadal variability in precipitation 
also becomes unclear in the early 20th century, which suggests that this period was a time 
of climatic disorganization in the Eastern Tropical Pacific. This mismatch may have been 
the product of a weakened decadal cycle in the PDO, when we observe a decreased 
amplitude in the 1905-1925 window, which translates to a less pronounced temperature-
driven decadal cycle in precipitation and therefore a less prominent decadal record in 
coral δ18O. A recent modeling study (see Steinman et al., 2015) shows that in the early 
20th century, while the DPDO was weak and decoupled from coral δ18O the AMO was 
more influential. However, from the late 20th to 21st centuries the AMO lost some of its 
previous power and the PDO grew in dominance (Steinman et al., 2015). The interplay 
between the fluctuating variability emanating from the Atlantic and Pacific basins 
controls low frequency variability in the hydrologic cycle on the Pacific side of Panamá. 
 
2.6. Conclusion 
 The S1 coral δ18O record presented in this study in conjunction with analysis of 
regional precipitation, the DPDO, and the AMO allows for a more robust interpretation 
of variability in Panamanian precipitation along the Pacific coast than was originally 
presented in Linsley et al. (1994). We assert that the decadal variation in coral δ18O 
responds to ITCZ-driven precipitation as dictated by the DPDO, which may be a function 
of the eastern tropical Pacific subset of variability of the PDO. When the decadal 
oscillation in the PDO weakens the regional precipitation cannot drive decadal coral δ18O 
throughout the Gulf of Chiriquí forcing the coral response to dissociate from rainfall. 
Future efforts should be undertaken to further understand the teleconnections between the 
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Pacific and Atlantic basins and their association with coral δ18O as well as with rainfall 
variability in Panamá on decadal time scales. Analysis of additional corals nearby Secas 
Island, supplemented with tree ring records, would also create a more robust portrayal of 
regional precipitation patterns by providing a denser network of data. Identifying the 
multiple unique sources of variability emanating from the Atlantic and Pacific basins 
influencing the decadal cycle in δ18O-inferred precipitation can enhance and improve 
regional climate models by providing more specific temporal parameters. 
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2.8. Figures  
 




























Figure 1.  Seasonal meridional shifts in ITCZ position control the duration and strength 
of the Central American wet season. Contours represent bands of equal rainfall (mm). 
The darker green region shows an area of high precipitation representing the location of 
the ITCZ. The band travels north towards Panamá in the boreal summer (lower panel). 
Our study site is located within the black box off the Pacific coast of Panamá. (Modified 























Figure 2.  The Isthmus of Panamá and coral study site at Secas Island (7°59’ N, 82°3’ 
W) with 1000 m contours. Secas Island is located within the Gulf of Chiriquí. The dotted 
lines outline the approximate boundaries of the major gulfs along the Pacific coast of 
Panamá. The North Equatorial Counter Current flows eastward towards the isthmus and 
Gulf of Chiriquí. Ocean currents also flow westward, away from the isthmus, in the Gulf 
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Figure 3.  A) Two SST records centered near the Gulf of Chiriquí (8°N, 82°W) from the 
ERSST (red) and ICOADS (black) databases are shown. The SST annual cycle is small 
and irregular with an average annual amplitude of only ~1°C. B) A monthly precipitation 
dataset from the University of East Anglia’s Climatic Research Unit (UEA CRU) (2.5°lat 
x 3.75°long grid) centered over the Gulf of Chiriquí (7.5°N, 82.5°W) shows a much 
larger annual cycle with dry season precipitation as low as 200 mm and the wet season 
yielding as much as 5,000 mm (data from Hulme, 1992; Hulme, 1994). C) Like the 
precipitation record, subannually resolved coral δ18O from S1 (green) also follows a clear 
and consistent annual cycle of ~1 ‰. D) The salinity record also exhibits seasonality 
driven by the precipitation from a quadrant encompassing the Gulf of Chiriquí (7.5°N, 
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precipitation and SST on coral δ18O variability we created 3 pseudo corals based on SST 
and SST+SSS sensitivities (red, black, grey) compared to the coral δ18O (green). The 
coral δ18O response to SST is swamped by the precipitation signal, producing the most 





































Figure 4.  X-Ray positive collage of S1 with approximate age model. The light bands 
represent less dense skeletal elements (dry season) due to increased photosynthetic rates 





























































































































































































































































































































































Figure 6. A) The time evolution plot of the decadal RCs of the detrended annual average 
δ18O record from Secas Island (green) and the decadal RC of the annually averaged 
multi-station composite of regional Pacific coast precipitation (blue). The two records are 
directly correlated yielding a correlation coefficient of R=-0.58 from 1930 to present, 
supporting our assertion that coral decadal δ18O responds to precipitation variability in 
that same band. Before 1930 the relationship between S1 and rainfall weakens and 
becomes less clear. B) The decadal phases in S1 δ18O and the PDO yields a correlation 
coefficient of R=-0.62 from 1984 back to 1930 and R=-0.42 for the entirety of the record. 
The relationship suggests that the DPDO, and hence spatial SST pattern in the Pacific, 
influences Panamanian precipitation in that same band, which is recorded in Secas Island 
coral δ18O. C) A comparison of the decadal bands extracted from the PDO and AMO 
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rainfall. The two records are generally in accord from present back to 1930. However, 
from 1930 to 1900 the two records, created with independent chronologies, suggest a 
period of disorganization in the regional hydroclimate, which could be responsible for the 
























Figure 7. In the top panel we separated the raw sub-annual S1 δ18O into separate annual 
wet and dry season averages and illustrated that following wetter wet seasons the 
proceeding dry season was milder and had more rainfall than the average. The middle 
panel shows the detrended seasonal averages. For the entirety of the S1 δ18O record the 
wet and dry season averages yielded a correlation coefficient of R=0.60 (p<0.001). The 
association between the wet and dry seasons could indicate that during more intense wet 
seasons the ITCZ is held farther north longer, the drainage basin has a delayed memory 
effect for it to return to typical conditions, or a combination of both. In the bottom panel 
we compared the decadal RC extracted from the wet and dry season averages to the 
corresponding band in the PDO. The wet season is very strongly correlated to the PDO, 
yielding a correlation coefficient of R=0.51 (p<0.001) (R=0.66, p<0.001 from present 
back to 1930), which supports our assertion that decadal variability in precipitation are 
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Figure 8. Pacific Panamá’s spatial distribution of average SST from 1981-2014, based on 
the OISST database. The spatial SST pattern shows distinct differences between the 
Gulfs of Chiriquí (warm) and Panamá (cool) from the upwelling of deep, cold water. 





































Table 1. Summary of SSA results and associated variances from annually averaged and 
seasonally averaged records. The top 10 eigenvectors are provided. The decadal RCs are 
the sums of all eigenvectors with average modes of 9-12 years. Note that the decadal 
mode in annual average S1 δ18O incorporates eigenvectors 15 and 16 both with average 








1, 2 9 10 1,2 4 17
3, 4 19 9 3, 4 15 12
5 42 4 5, 6 3 11
6 48 4 7, 9 9 9
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1, 2, 5 9 27 1 10 8
3 32 10 2 9 7
4 19 8 3 36 8
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3, 4 6 14
5 26 6
6 19 6
7, 8 9 8
Decadal 9 8
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Table 2. Summary of the Pearson product-moment correlations (R-values) calculated 
with S1 annual and seasonal average decadal scale data. The R-values were calculated 
over the time period from 1983-1930. We truncated our correlations to span the data from 
1983 to 1930 for two reasons. The first being that our precipitation record, which we 
determined is the climatic process that dictates coral δ18O, decreases from 4 to 2 rain 
gauges at 1930. Secondly, the coral δ18O becomes temporarily anti-correlated to the 
decadal component of the PDO (DPDO) during this time. The parenthetical values were 
calculated over the entirety of the given record. The direct relationship between seasonal 
coral δ18O and precipitation averages suggests that during rainier wet seasons, the 
following dry seasons are also wetter.  R-values are significant to the p<0.001 level 
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-0.62 (-0.46) -0.46 (0.12)
DPDO 0.66 (0.51) 0.54 (0.34)
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Chapter 3: 
Examining the utility of coral Ba/Ca as a proxy for river discharge and hydroclimate 
variability at Coiba Island, Gulf of Chiriquí, Panamá 
 
Citation: 
Brenner, L. D., Linsley, B. K., and R. B. Dunbar (2017), Examining the utility of coral 
Ba/Ca as a proxy for river discharge and hydroclimate variability at Coiba Island, 




Panamá’s extreme hydroclimate seasonality is driven by Intertropical Convergence Zone 
rainfall and resulting runoff. River discharge (Q) carries terrestrially-derived barium to 
coastal waters that can be recorded in coral. We present a Ba/Ca record (1996-1917) 
generated from a Porites coral colony in the Gulf of Chiriquí near Coiba Island (Panamá) 
to understand regional hydroclimate. Here coral Ba/Ca is correlated to instrumental Q 
(R=0.67, p<0.001), producing a seasonally-resolved Reduced Major Axis regression of 
Ba/Ca(µmol mol-1)=Q(m3 s-1)×0.006±0.001(µmol mol-1)(m3 s-1)-1+4.579±0.151. Our 
results support work in the neighboring Gulf of Panamá that determined seawater Ba/Ca, 
controlled by Q, is correlated to coral Ba/Ca (LaVigne et al., 2016). Additionally, the 
Coiba coral Ba/Ca records at least 5 El Niño events and identified 22 of the 37 wet 
seasons with below average precipitation. These data corroborate the Q proxy and 







Stony corals, also known as hermatypic corals or reef-builders, secrete a hard 
aragonite (CaCO3) skeleton beneath their ~0.5 to 1 cm thick live tissue. The composition 
of the skeleton provides a wealth of information in the form of paleoceanographic 
proxies. Trace metals can replace Ca (ionic radius: 1.00 Å) if they have a similar ionic 
radius with an apparent temperature, precipitation, and/or salinity dependence. Barium 
(ionic raidus: 1.35 Å), an alkaline earth metal and 2+ ion, easily incorporates into coral 
aragonite (Lea and Spero 1999; Sinclair and McCulloch 2004). Coral Ba/Ca, first studied 
by Bowen (1956) and Harriss and Almy (1964), is thought to reflect ambient seawater 
conditions, and therefore parallels the environment in which the coral grew. Studies have 
shown that the Ba/Ca ratio in the coral skeleton is proportional to that which is found in 
the calcifying fluid (Zhong and Mucci, 1989; Sinclair and McCulloch, 2004; LaVigne et 
al., 2016). Since corals’ calcifying fluid has a similar composition to the ambient 
seawater (McConnaughey, 1989a, 1989b) the skeleton of near-shore corals mimic the 
estuarine coastal conditions. Therefore, seawater Ba/Ca can potentially be reconstructed 
from coral Ba/Ca using the Ba partition coefficient (Sinclair and McCulloch, 2004). 
Ba concentrations in seawater are variable throughout the ocean with a stark 
contrast between coastal and open ocean settings. The surface ocean Ba concentrations 
are incredibly low at about 34 nmol kg-1 in the mid- to low-latitude Pacific waters, 
however, in nearshore waters the concentration is upwards of 150 nmol kg-1 and can 
accumulate in organisms, corals and foraminifera alike (Lea and Boyle, 1991; Moyer et 
al. 2012). Ba in coastal waters is primarily transported by rivers, which carry the trace 
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metal in the form of suspended solids and surface complexes (Hanor and Chan 1977). 
Once freshwater encounters the more saline seawater, which has a higher ionic strength, 
the Ba desorbs from the complexes and can be incorporated into calcifying organisms 
(Hanor and Chan, 1977; Edmond et al., 1978; Li and Chan, 1979; Elsinger and Moore, 
1980; Edmond et al., 1985; Froelich et al., 1985; Carroll et al., 1993; Sinclair and 
McCulloch, 2004). About 50% (Hanor and Chan 1977; Li and Chan 1979) to 75% 
(Carroll et al. 1993) of the dissolved Ba in coastal regions can be attributed to desorption 
of Ba from surface complexes, the process that is largely responsible for the higher Ba 
concentrations compared to the open ocean.  
This disparity between coastal and open ocean Ba allowed Shen and Boyle (1988) 
to determine that terrigenous runoff via riverine flux and sediment input influences the 
metal’s concentration in seawater, providing some of the first evidence for coral Ba/Ca as 
a Q proxy. In coastal regions readily supplied by rivers, the Ba concentration often 
noticeably fluctuates throughout the year. Shen and Sanford (1990) first noted that corals 
growing in these coastal habitats recorded the temporal variability in Ba concentration 
within their annual growth bands, which in their study was attributed to seasonal 
fluctuations in Amazon River flow. These early findings suggested that coastal corals 
might be archives of long-term river flux in regions whose climate is largely dominated 
by precipitation and the consequent variations in river discharge (Q).  
Rivers represent a critical component of coastal ecosystems as one of the major 
sources of nutrients and sediment to the near-shore waters (Troup and Bricker, 1979; 
Milliman and Meade 1983; Nittrouer et al., 1994; Milliman et al., 1999). Although 
nutrients are critical at moderate levels, periods of extreme discharge, such as flood 
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events or a particularly intense wet season, can put coral reefs at risk.  Increased nutrient 
supply can lead to eutrophication (excessive nutrient supply), which encourages 
excessive algal growth that chokes and out-competes corals (Bell, 1992). Each coral 
species is suited to a specific salinity range and prolonged freshwater influx can lower 
local salinity to below the range suitable for that reef, often less than 30, which can lead 
to massive coral death (Jokiel et al., 1993; Hunter and Evans, 1995; Wilkinson, 1999). 
Additionally, with increased Q there is an increased suspended sediment load and higher 
risk of reef sedimentation, which results in the smothering of corals and reduced light 
availability (Rogers 1990; Woolfe and Larcombe 1999: Furnas and Mitchell, 2001). 
Sedimentation prevents photosynthesis and severely inhibits growth.  
A robust archive of Q allows for more accurate runoff predictions that could 
inform decisions regarding environmental policies, potable water storage management, 
flood insurance, and algal bloom forecasting. Tropical, coastal regions dotted by rivers 
are prime locations for coral Ba/Ca-based reconstructions of Q. The Pacific coast of 
Panamá, specifically the Gulf of Chiriquí, provides an ideal study site with 7 major 
watersheds subjected to seasonal variations in hydroclimate (Valiela et al., 2012). 
3.1.2. Study Site: Gulf of Chiriquí, Panamá 
The Pacific coast of Panamá is characterized by two markedly different gulfs, the 
Gulfs of Panamá and Chiriquí (Figure 1). The Gulf of Panamá is an active upwelling 
zone where cool, nutrient rich water is seasonally brought to the surface, thereby 
promoting eutrophic conditions that can hinder coral growth (Maté, 2003). Unlike the 
Gulf of Panamá, in the Gulf of Chiriquí the Central American Cordillera topographically 
blocks the tradewinds preventing upwelling.  
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The Gulf of Chiriquí is an ideal low-nutrient environment known as Pacific 
Panamá’s coral “hot spot,” with high hermatypic coral diversity home to 19 of the 23 
species identified along Panamá’s Pacific coast (Maté 2003). Pocillopora, a branching 
coral, dominates shallow reefs whereas deeper reefs are primarily composed of massive 
Porites or Pavona colonies (Maté, 2003). The Gulf of Chiriquí’s proximity to the thermal 
equator and the lack of wind-driven upwelling limits seasonal sea surface temperature 
(SST) variability to a small and inconsistent 1-2 °C about the ~28 °C mean, with this 
temperature stability further promoting coral growth. On the contrary, the sea surface 
salinity (SSS) annual amplitude is large and regular at 3 units, typically ranging from 
30.5-33.5 (Delcroix et al., 2011). The hydrologic budget in Central America, in particular 
Panamá, is dictated by seasonal oscillations in the position of the ITCZ, a band of 
atmospheric convection cells that encircles the equator. The seasonal northward 
migration of the ITCZ during the boreal summer stimulates the Central American wet 
season (May-November) when the ITCZ hovers between 8° N and 12° N (Horel, 1982). 
Its southward shift in the winter leaves the region dry for months (December-April) 
(Horel, 1982). Monthly instrumental precipitation data show consistent oscillations in 
seasonal precipitation with wet season rainfall totaling over 1,000 mm and dry season 
rainfall amounting to a relatively meager 200-500 mm  (Figure 2). With about 90% of 
Panamá’s annual rainfall occurring during the wet season, there is a stark precipitation 
gradient associated with the meridional ITCZ movement. Two of the eight major rivers in 
Panamá, Chiriquí and Tabasara, empty into the Gulf of Chiriquí and discharge from these 
rivers is correlated to precipitation on both monthly (R=0.50, p<0.001) and seasonal 
(R=0.56, p<0.001) timescales.  
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The Central American landscape is dynamic, continually altered by active 
tectonic deformation. In addition to blocking the tradewinds, the Cordillera divides the 
isthmus in such a way that rivers either flow down the Caribbean or Pacific slope, mostly 
perpendicular to the coast. The Pacific slope constitutes 70% of the isthmus and is on 
average 106 km in length with a 2.27% grade (Empresa de Transmisión Eléctrica, S.A.).  
Panamá’s geomorphology is specifically influenced by its collision with South America 
to the east and the Nazca plate to the south (Marshall, 2007). Western Panamá, which 
encompasses the Gulf of Chiriquí, lies on the Chorotega Block, a Neogene-Quaternary 
volcanic belt that rides atop the Mesozoic oceanic basement (Marshall, 2007). Quaternary 
volcanism is largely limited to the Central Cordillera, which runs parallel to the coast, 
and this active faulting is responsible for the rocky coastal bluffs abutting the Gulf of 
Chiriquí. In addition to the cliffs, the coast is stippled with sandy beaches, cobbles, 
mangrove forests, and deltas (Cortés, 2007). The watersheds along the Gulf of Chiriquí 
have between 23-92% (average 62%) forested land cover (Valiela et al., 2012). The 
remaining ground cover is on average 28% pasture, 6% burned, 0.3% bare, and 4% 
mangrove (Valiela et al., 2012). The Sona Peninsula jutting out from the mainland 100 
km represents the eastern boundary of the Gulf of Chiriqui with mountains >500 m in 
altitude (Marshall, 2007). Our coral was collected near Coiba Island, a volcanic island 
southwest of the Sona Peninsula, which rises 400 m above sea level.   
Unfortunately, instrumental Q time series for rivers terminating in the Gulf of 
Chiriquí are sparse, inconstant, and short-lived. Pairing the available data with our coral 
Ba/Ca record allows us to better understand the regional hydroclimate. The pronounced 
seasonal precipitation gradient in conjunction with the stable SSTs and absence of 
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upwelling makes the Gulf of Chiriquí a unique study site for evaluating the coral Ba/Ca-
Q proxy. 
3.1.3. Other Potential Influences on Coral Ba/Ca in the Gulf of Chiriquí 
 Using a coral-derived Ba/Ca time series to supplement paleoceanographic studies 
with information about Q is a developing practice and other potential influences on coral 
Ba/Ca must be considered. Laboratory studies conducted by Gaetani and Cohen (2006) 
suggested that Ba incorporation into corals is inversely correlated to SST between 15-75 
°C, an outcome supported by earlier work (Hart and Cohen, 1996; Dietzel et al., 2004). 
However, other studies reported that temperature did not influence partitioning of Ba into 
the coral skeleton (Sinclair et al. 1998; Sinclair and McCulloch 2004) leaving 
interpretation of the coral Ba/Ca proxy slightly uncertain.  
Most recently, LaVigne et al. (2016) compared coral Ba/Ca data from the Gulf of 
Panamá, adjacent to our study site, to local seawater samples and found that there was 
little to no reliance on SST. Furthermore, when a subtle trend was evident there was 
actually a positive correlation between coral Ba/Ca and SST with cooler, upwelled waters 
coinciding with coral Ba/Ca minima, contradictory to the aforementioned studies (e.g. 
Hart and Cohen, 1996; Dietzel et al., 2004; Gaetani and Cohen, 2006). The LaVigne et al. 
(2016) results from the Gulf of Panamá support our use of coral Ba/Ca as a proxy for 
local hydroclimate, specifically Q variability. LaVigne et al. (2016) present the first 
absolute calibration of seawater Ba/Ca with coral Ba/Ca. The authors also suggest that 
taxon-specific calibrations should be used in coral Ba/Ca proxy studies since slight 
variations in 3 co-located colonies were noted in the slope and y-intercept from coral 
(Porites lobata, Pavona gigantea, and Pavona clavus)-seawater regressions.  
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It is valuable that while coral Ba/Ca can be a Q proxy, earlier studies showed that 
salinity does not directly impact Ba/Ca in surface-dwelling Scleractinia (stony corals) (M. 
verrucosa, S. pistillata, and Acropora sp.) (Pretet et al., 2014). Pretet et al. (2014) found 
that the process of coral Ba incorporation was not altered over a variety of salinities (36, 
38, and 40). This suggests that coral Ba/Ca is related to the increase in seawater Ba 
concentrations from freshwater runoff into coastal systems rather than a change in SSS. 
Pretet et al. (2014) do note, however, that there is more work to be done to fully 
understand the exact mechanisms influencing inter-generic variability, which was also 
present in the LaVigne et al. (2016) coral Ba/Ca-Q relationships.  
At other sites coral Ba/Ca has been successfully utilized as a proxy for upwelling. 
The vertical Ba concentration gradient loosely follows a nutrient depth profile with 
depleted Ba concentrations in the mixed layer, similar to silicates. At depth, Ba that was 
previously incorporated into barite crystals and filled voids in decaying organic matter is 
remineralized and increases the concentration of the ambient seawater (Dehairs et al. 
1980; Bishop 1988: Ganeshram et al. 2003). Deeper, cool waters advected to the surface 
may bathe surface dwelling corals with the Ba-rich waters, and therefore Ba 
incorporation into the coral skeleton becomes a proxy for upwelling (Lea and Boyle, 
1989; Matthews et al., 2008; LaVigne et al., 2010; Grottoli et al., 2013).  
LaVigne et al. (2016) specifically addressed this potential for upwelling to 
influence coral Ba/Ca in the Gulf of Panamá, a region known for the seasonal advection 
of the deeper waters to the surface. They found that their surface concentration Ba/Ca did 
not correspond to weekly or monthly variations in local upwelling and any variability 
was swamped by oscillations in terrestrial runoff. LaVigne et al. (2016) determined that 
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along the Pacific coast of Panamá seasonal variations in seawater Ba/Ca and therefore Q, 
rather than SST or upwelling, drive coral Ba/Ca. This finding, and the fact that the Gulf 
of Chiriquí has minimal upwelling, supports the interpretation of coral Ba/Ca as a proxy 
for Q in this setting while underscoring the importance of site specificity local hydrology 
on metal incorporation.  
 
3.2. Methods 
3.2.1. Coral Collection and Sampling Procedure 
The coral core (coral ID: IC4A-2) analyzed in this study was drilled from a large 
colony with a continuous live tissue layer located near Coiba Island, Panamá (7°25’ N, 
81°42’ W) in the Gulf of Chiriquí (Figure 1). IC4A-2 was collected in July 1996 off the 
southeastern coast of Coiba Island, approximately 23 km from mainland Panamá. The 
core totaled 2.3 m in length and was removed from a living Porites lobata colony while 
using SCUBA and a hydraulic drill underwater. The 8 cm diameter cylindrical core was 
cut lengthwise using a water-cooled rock saw along a continuous transect mapped along 
the cores long axis from top to bottom. The 7 mm thick slabs were cut from one half of 
the core using a guide fence installed on the same saw. Prior to micro-sampling, the slabs 
were cleaned in deionized water in an ultrasonic bath for 30 minutes and then with a 
high-energy (500W, 20 kHz) probe sonicator. Once dried, the slabs were X-rayed in an 
HP cabinet X-ray system (at 35 Kv). The X-rays elucidated annual density couplets and 
corallite growth trajectories that were used to identify the maximum growth axes to be 
sequentially sampled. The top 890 mm was suitable for analysis, however, below that 
point the maximum growth axis was indecipherable. Samples for geochemical analysis 
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were hand-drilled down core at 1 mm intervals along the maximum growth axis by 
excavating a continuous 2 mm wide by 2 mm deep trough with a variable speed Dremel 
drill fit with a spherical carbide bit.  
3.2.2. Analytical Methods: Ba/Ca 
 We analyzed 994 discrete samples for Ba/Ca from core IC4A-2, which yielded 
between 10-14 samples per year. We weighed aliquots of 250 µg and digested the 
samples in 2% HNO3 prior to analysis. The digested samples were vortexed to guarantee 
complete CaCO3 dissolution and shaken again just before being placed into the 
autosampler to ensure the homogeneity of the solution. Samples were analyzed using a 
2013 Thermo iCap 6500 ICP-OES partnered with a CETAC autosampler at the Lamont-
Doherty Earth Observatory and measured total Ba content in coral aragonite.  
Whether total Ba in a coral is statistically different from the Ca-substitutive Ba 
fraction is at least partially related to the Ba/Ca signal of interest in the time series. The 
proportion of total Ba to Ca-substitutive Ba in the aragonite can be related to site-specific 
processes or individual coral species with certain studies reporting an insignificant <1% 
difference in Montastrea faveolata in the Gulf of Mexico (Carriquiry and Horta-Puga 
2010) and others a statistically significant difference with total Ba 20% higher than the 
substitutive portion in M. annularis in the Mexican Carribbean (Horta-Puga and 
Carriquiry 2012). Currently the processes defining Ba partitioning into the lattice versus 
other geochemical fractions in the coral are not entirely constrained (Amiel et al., 1973; 
Glover and Owen, 1978; Shen and Boyle, 1988; Allison and Finch, 2007; Sinclair and 
McCulloch, 2004; Horta-Puga and Carriquiry, 2012). Therefore, we felt that examining 
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total metal content was an appropriate measurement to avoid unintentionally omitting 
geochemical data because of an incomplete understanding of Ba partitioning at our site.  
We analyzed an in-run reference based on a matrix match (MaMa) solution that 
mimicked the coral’s geochemistry, adopting the technique outlined by Schrag (1999), 
with a Ba/Ca molar ratio of 7.3 µmol mol-1. The ICP-OES was calibrated with 5 MaMa 
dilution standards. Each coral sample was bookended with the MaMa solution in order to 
make the appropriate corrections for machine drift and to improve accuracy. Our in-run 
MaMa reference yields a precision within 1.9% for Ba. We analyzed the corals with 
~10% sample replication, which yielded a precision within 2% for Ba/Ca, slightly more 
precise than earlier Ba/Ca studies using the ICP-OES methodology (Carriquiry and 
Horta-Puga, 2010). 
3.2.3. Analytical Methods: Oxygen Isotopes 
We reacted 100 µg coral powder aliquots from splits of the same samples 
analyzed for Ba/Ca in ~100% H3PO4 at ~90 °C on a VG Optima Isotope Ratio Mass 
Spectrometer (IRMS) or an Elementar Isoprime Dual Inlet IRMS at Lamont-Doherty 
Earth Observatory. The two mass spectrometers were cross-calibrated and ran on the 
same reference gas. We analyzed with 10% random sample replication and NBS-19 
standards were analyzed approximately every 10 samples. All results are reported relative 
to Vienna Pee Dee Belemnite (in ‰). The replicate sample precision was 0.09 ‰ and the 
long-term precision of each instrument is 0.06 ‰ based on repeated analysis of NBS-19. 
3.2.4. Seasonal Calcification and Age Model Development 
During the Panamanian dry season, local Porites sp. calcify low-density bands 
when photosynthetic rates and skeletal extension rates both increase due to decreased 
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cloud cover, less frequent storms and increased solar radiation reaching the sea surface 
(Wellington and Glynn 1983). During the wet season, the increase in ITCZ-driven storms 
and cloud cover reduces the photosynthetic rate leading to a slower extension rate and 
deposition of high-density skeletal bands. The decrease in the skeletal extension might be 
a stress response to the lower salinities, and therefore results in thicker skeletal elements 
(higher density growth bands) at those times.  
In addition to the visual couplets in skeletal structure, previous studies showed 
that coral δ18O records from the Gulf of Chiriquí exhibit a clear annual cycle, largely 
based on the seasonal oscillations dictated by ITCZ-driven precipitation (Linsley et al. 
1994; Brenner et al., 2016). The wet-dry seasonal cycle present in the δ18O record is 
therefore ideal for age model development and we analyzed coral δ18O in IC4A-2 for the 
express purpose of creating a reliable age model for the corresponding Ba/Ca record. 
Using the University of East Anglia Climatic Research Unit’s precipitation dataset for the 
Gulf of Chiriquí, we attributed coral δ18O minima to the month of greatest rainfall in a 
given year, which was typically October, and the annual δ18O maxima to the month of 
lowest rainfall, often March, based on the methodology outlined by Linsley et al. (1994) 
and Brenner et al. (2016). Further support for the δ18O-precipitaion derived age model 
stems from the fact that the instrumental precipitation record is longer and thought to be 
more reliable than the Q data. We used the Brown University ARAND software package 
(Howell et al. 2006), specifically Ager to apply age models to raw data and then Timer to 
interpolate the data to 12 points per year yielding a coral time series from 1996.583 back 
to 1917.583 (79 years) with an average extension rate of 11.27 mm yr-1. See 
supplementary material for the complete coral δ18O record. 
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3.2.5. Ba/Ca-Q Calibration Development 
We developed two simple models for calculating Q from IC4A-2 Ba/Ca using 
general least squares (GLS) and reduced major axis (RMA) regressions through paired 
seasonal Ba/Ca-instrumental Q data. Unlike GLS, the RMA regression assumes 
uncertainty associated with the independent variable and produces a linear fit that is 
symmetrical about both axes. Calibration development using GLS and RMA is based on 
previous studies (e.g. Quinn and Sampson, 2002; Asami et al., 2004; Felis et al., 2014). 
To assess the accuracy of the calibrations we calculated the Pearson-product moment 
correlation. All reported R-values are significant at the p<0.001 level, unless otherwise 
noted. To assess the predictive performance of our linear regressions we calculated the 
Nash-Sutcliffe model efficiency (NSE) coefficient (E), a commonly employed analysis to 
test hydrologic models, which is based on comparing the observed and measured river Q 
values (Nash and Sutcliffe 2004). NSE values range from  -∞ to 1, with E<0 indicating 
that the average value is a better predictor than the model, E=0 signifying that the average 
values is as accurate as the model prediction, and E=1 representing perfect prediction.  
 
3.3. Results 
  Coral core IC4A-2 yielded a continuous Ba/Ca record from 1917.583-1996.583 
(Figure 3) and recorded a maximum Ba/Ca of 7.31 µmol mol-1 and a minimum of 4.13 
µmol/mol (Table 1). The average Ba/Ca value in IC4A-2 is 5.15 µmol mol-1 with a 
standard deviation of 0.53 µmol/mol (Table 1). The annual amplitude ranges from about 
1-3 µmol mol-1 with an average of 1.44 µmol mol-1 (Figure 3, Table 1).  
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 Coral Ba/Ca is directly correlated to a composite Q record comprised of the two 
major rivers, Chiriquí and Tabasara, that terminate in the Gulf of Chiriquí on both sub-
seasonal (not shown) and seasonal time scales from 1984.500-1965.083 (R=0.58, N=234 
and R=0.67 N=77) (Figure 4). Seasonal Ba/Ca values were calculated by averaging the 
monthly values in 3 month clusters, for example the Fall bin was the average of the 
October, November, and December values.  The paired Ba/Ca-Q data yielded a GLS 
linear regression of Ba/Ca (µmol mol-1)=Q(m3 s-1)×0.004±0.001(µmol mol-1)(m3 s-1)-
1+4.823±0.077 and an RMA linear regression of Ba/Ca(µmol mol-1)=Q(m3 s-
1)×0.006±0.001(µmol mol-1)(m3 s-1)-1+4.579±0.151 (Figure 4). Due to the short 
calibration window our regression falsely calculates negative Q values when Ba/Ca 
values fall below the minimum value (4.39 µmol mol-1) in the calibration window. In 
these instances we manually set the calculated Q to lowest seasonal minimum seasonal 
value in instrumental Q, which was 22.833 m3 s-1, rather than plot a negative value. The 
NSE value of our RMA regression was E=0.35, approximating Q well compared to the 
instrumental observations (Figure 5). Based on the RMA regression, from ~1996-1917 
the average calculated seasonally-resolved Q was 93.519 m3 s-1 with an average annual 
amplitude of 136.289 m3 s-1. Winter Q was 50.087 m3 s-1, Spring discharge is 60.163 m3 
s-1, Summer discharge is 123.434 m3 s-1, and Fall discharge is 140.827 m3 s-1 (Table 1).  
 
3.4. Discussion 
3.4.1. Coral Ba/Ca as a proxy for Q 
 Oscillations in Q influence the chemical composition of near shore waters, 
specifically the metal concentration, in Panamá’s Pacific Gulfs of Chiriquí and Panamá 
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(LaVigne et al. 2016). The amount of Ba mobilized in rivers increases with Q, therefore 
the correlation between the two parameters is typically positive (Carriquiry and Horta-
Puga, 2010; LaVigne et al., 2016). Our Gulf of Chiriquí coral Ba/Ca record functions as a 
Q proxy with the expected positive correlation on both near-monthly and seasonal 
frequencies (R=0.58, R=0.67, respectively).  
Although a multitude of rivers terminate along the Pacific coast of Panamá, the Q 
databases only house sparse and short-lived time series. Our coral Ba/Ca-Q calibration is 
based on a composite, an average of two of the major arteries in the region, the Chiriquí 
and Tabasara rivers, that extends 15 years from 1985 back to 1970 (Empresa de 
Transmisión Eléctrica, S.A. database) (Figure 5). We opted to use seasonal Ba/Ca and Q 
data in our calibration to minimize any impact of potential age model uncertainties, 
measurement error in Q, and intra seasonal variability we have not constrained. We must 
consider that drainage basin dynamics can be complex and include changing land 
elevations or a potential lag between peak rainfall, peak Q, and peak suspended sediment 
load. Ideally peak suspended sediment load occurs during peak Q but in actuality certain 
small sediment fractions, like silt or clay, are likely to be more influenced by sediment 
supply rather than Q. Sediment exhaustion can lead to a lack of a linear response between 
coral Ba/Ca and Q, and could account for transient periods of weakness in the 
relationship between Q and coral Ba/Ca (Prouty et al., 2010). With the absence of 
sediment rating curves for our rivers and timescale of interest we can only assume that Q 
perfectly records suspended sediment load. A seasonal regression is our method of 
reducing the influence of these currently unconstrained potential lags and modes of extra 
variability  
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The capability to convert a coral Ba/Ca time series into Q measurements can 
provide insight into the hydrologic history of Panamá beyond the instrumental record. 
Using the seasonal RMA Ba/Ca-Q calibration equation of Ba/Ca (µmol mol-1)=Q(m3 s-
1)×0.006±0.001(µmol mol-1)(m3 s-1)-1+4.579±0.151 or the GLS regression of Ba/Ca(µmol 
mol-1)=Q(m3 s-1)×0.004±0.001(µmol mol-1)(m3 s-1)-1+4.823±0.077, we can extend the 
instrumental Q record, which only reliably began in 1970, to 1917 (Figure 5). We 
employed the RMA calibration to calculate Q because it provides a more accurate 
slope/sensitivity by producing a symmetrical regression that minimizes the distance to the 
linear fit in both the x and y direction (i.e. the perpendicular direction) (see Shen and 
Dunbar, 1995). According to the RMA calibration, since 1917 seasonally-resolved Q 
oscillated with an average annual amplitude of 136.289 m3 s-1 and with an average Q of 
118.813 m3 s-1 and 64.886 m3 s-1 during the wet and dry seasons, respectively (Figures 5, 
6). These data are important because they serve as baseline values against which to 
measure future Q and determine if conditions are typical.   
Nevertheless, it is important to keep in mind that our coral Ba/Ca-Q proxy may 
not be immune to competing climate variables. The extent to which SST may alter the 
Ba/Ca skeletal composition is still somewhat uncertain with studies reaching different 
conclusions about the degree of temperature influence (Sinclair et al. 1998; Sinclair and 
McCulloch 2004; Gaetani and Cohen 2006; LaVigne et al., 2016). At our study site SST 
is relatively invariant throughout the year, effectively minimizing the potential influence 
of temperature on coral Ba/Ca. We tested this premise with a cross-plot of near-monthly 
coral Ba/Ca against regional SST (not shown) in which there was no significant 
relationship between the two variables (R=0.03). In addition, in this particular setting, 
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coral Sr/Ca measured on the same samples (data not shown) are irregular, inconsistent, 
and completely uncorrelated to SST. This lack of coherence is likely due to the minimal 
variation in the SST record, which therefore does not translate well in the geochemistry. 
The poor correlation of SST with Ba/Ca and Sr/Ca supports our interpretation that local 
coral Ba/Ca is a Q proxy, unencumbered by an SST influence  
We assessed the accuracy of our seasonally-resolved model by calculating the 
NSE coefficient which was E=0.35. Our value of E=0.35 suggests that our model is 
moderately successful, however some caveats must be taken into account. Schaefli and 
Gupta (2007) noted that the NSE can produce artificially high values if a time series is 
strongly driven by seasonality and the mean, therefore, becomes a poor predictor. The 
strong seasonality present in Panamanian river Q yields a linear model that can capture 
seasonal variability but may struggle to identify sudden or high frequency fluctuations 
(Schaefli and Gupta, 2007). The model has the ability to calculate river Q to understand 
the annual amplitude as well as any extended, multi-month-to-year anomalies associated 
with perturbations in the Panamanian hydrologic system. Our data further provides proof 
of concept for the coral Ba/Ca-Q proxy in the Gulf of Chiriquí along the Pacific coast of 
Panamá. Longer coral time series will be able to make significant contributions to our 
understanding of regional hydroclimate.   
3.4.2. Coral Ba/Ca as a Potential Drought and El Niño Indicator   
Coral geochemistry, in particular δ18O (e.g. Cole et al., 1993; Urban et al., 2000; 
Cobb et al., 2013) has been used to develop an independent history of El Niño events that 
extends beyond the instrumental record. In Panamá, El Niño conditions are generally 
characterized by a reduction in precipitation with anomalously elevated SSTs as the ITCZ 
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remains in a more southerly position (Ropelewski and Halpert, 1987, 1989; Kiladis and 
Diaz, 1989). The simultaneously warm and dry conditions can be difficult to identify as 
they negate each other in coral δ18O (warming=depletion, drying=enrichment). This 
shortcoming in the coral δ18O, however, can be addressed with the coral Ba/Ca record.  
El Niño events with extreme drought and low Q, are visually identifiable in the 
seasonal coral Ba/Ca (Figure 5). El Niño events in 1922/1923, 1925/26, 1929-32, 1939-
41, 1956-58, 1972/73, and 1991/92 are recorded in Coiba coral Ba/Ca as times of low 
river Q. Further, by assigning an arbitrary threshold of one standard deviation below the 
coral Ba/Ca and precipitation records’ respective average values we can identify atypical 
drying (Figure 6). Coiba coral Ba/Ca more consistently records lower Ba/Ca values and 
drought during all El Niño events than Panamá rainfall (based on our 2 station rainfall 
average).  
For an additional perspective on drought and El Niño we isolated the wet seasons 
from nearby rain gauge data, river Q, and coral Ba/Ca and examined their annual 
departures from their average values (Figure 7). At Coiba Island, it appears that wet 
season coral Ba/Ca values are indicative of both rainfall and Q with a drop below average 
wet season values in coral Ba/Ca accompanied by a simultaneous decrease in 
precipitation and Q (Figure 7). Unfortunately, the short length of the instrumental Q 
record precludes meaningful statistical testing. During 22 of the 37 years when wet 
season precipitation values were below average there was an associated drop to below 
average values in wet season coral Ba/Ca. As of yet there is no clear threshold in coral 
Ba/Ca to signify drought as it is preserved in the precipitation and Q records, however 
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there is obvious potential to provide insight into understanding drought and El Niño 
beyond the temporal limits of the instrumental records.  
A potential limitation in the interpretation of modern instrumental river discharge 
data is the use of dams, which can modify the river Q records and therefore coral Ba/Ca. 
Dams were emplaced in rivers that empty into the Gulf of Chiriquí including one in the 
Chiriquí River, one of the rivers in our discharge composite, in the early 1980s to the mid 
2000s. While damming a river will significantly alter its Q coral Ba/Ca could be viewed 
as a more integrated measure of regional Q since coastal waters are typically influenced 
by multiple rivers. However, in situations where coral Ba/Ca appears to be unrelated to 
river Q or does not reflect significant El Niño events, it is worth exploring whether dams 
were constructed. The absence of the 1982-83 El Niño event in the coral Ba/Ca might be 
due to damming modulating river Q, keeping it steady under drought conditions. 
Alternatively, there was an extreme SST anomaly associated with the 1982/83 El Niño 
(Linsley et al., 1994) without a strong response in river Q. If our coral, IC4A-2 
experienced bleaching due to thermal stress then a hiatus or slow growth might be 
responsible for a lack of response to the 82/83 event. 
Examination of our coral Ba/Ca record provided proof of concept of the coral 
Ba/Ca-Q proxy in the Gulf of Chiriquí. Preliminary results suggest that coral Ba/Ca has 
utility beyond reconstructing river Q, but can also aid in identifying drought conditions 
and El Niño events where other geochemical proxies fall short. There should be 
continued work to better understand the coral Ba/Ca relationship in this area creating a 
multi-coral record in order to develop a more robust Ba/Ca-Q regression. Future work 
with additional coral Ba/Ca records that adequately capture the regional hydroclimate 
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will allow for more comprehensive quantification of drought identification and 
recurrence interval. Furthermore, longer time series will allow for statistical evaluation of 
the relationship and how it might change through time. A thorough understanding of the 
patterns in river Q and El Niño recurrence will provide a more comprehensive image of 
the local hydroclimate. 
 
3.5. Conclusion  
 Our Coiba Ba/Ca coral record is well correlated to river Q (R=0.67) and is a 
suitable proxy for reconstructing Panamá’s hydroclimate over the calibration period. The 
seasonal coral Ba/Ca and Q records yield a RMA regression equation of Ba/Ca(µmol 
mol-1)=Q (m3 s-1)×0.006±0.001(µmol mol-1)(m3 s-1)-1+4.579±0.151. Using this calibration 
we determined that at least since 1919 Q oscillated on an annual cycle with an average of 
64.886 m3/s during the dry season and 118.813 m3 s-1 during the wet season. These data, 
extend the limited instrumental river Q record, provide baseline information on the 
hydroclimate’s response to variability in precipitation and a benchmark against which to 
measure the extent of Q deviations from the norm due to, for example, drought, 
damming, or a protracted wet season. Furthermore, coral Ba/Ca data have the potential to 
identify El Niño-driven drought as presented in Q, while coral δ18O is unable to do so at 
this location due to the competing influences of elevated SST and drier conditions in 
Panamá during El Niño. With further investigation we can establish a threshold that can 
allow us to identify El Niño events and other irregularities in the hydroclimate based 
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Figure 1.  The Isthmus of Panamá and neighboring countries. The coral study site (Coral 
ID: IC4A-2) is in the Gulf of Chiriquí, 23-25 km offshore mainland Panamá, on the reef 
surrounding Coiba Island (7°25’ N, 81°42’ W) (black dot). The dotted lines outline the 
approximate boundaries of the major gulfs along the Pacific coast of Panamá.  
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Figure 2.  Seasonal precipitation record from University of East Anglia’s Climate 
Research Unit (UEA CRU) centered on Coiba Island (82.5°W, 7.5°N) in a 2.5°lat x 
3.75°long grid off the Pacific coast of Panamá (Hulme 1992; Hulme, 1994) and average 
instrumental Q record from Chiriquí and Tabasara rivers (R=0.56). The precipitation 
record depicts the annual seasonal contrast between the wet season during the boreal 























1955 1960 1965 1970 1975 1980 1985 1990 1995






























Figure 3. The 79 year IC4A-2 Ba/Ca time series at monthly resolution from 1996.583-
1917.583 exhibits clear seasonality with a single peak during the boreal summer and 





































































Figure 4. Seasonal calibration of coral Ba/Ca and our composite river discharge record 
(Chiriquí and Tabasara rivers). The GLS and RMA regressions provide equations to 
translate coral Ba/Ca to river discharge. The seasonal coral Ba/Ca record is well 







































Figure 5. A) Seasonal coral Ba/Ca time series (red) with strong El Niño events, as 
outlined by Quinn and Neal (1992) denoted with black bars. B) Seasonal coral Ba/Ca 
time series (red) compared to the seasonal Q (black) compilation based on the Chiriquí 
and Tabsara Rivers. Annual peaks in Q coincide with peaks in coral Ba/Ca. C) Measured 
Q compilation (black) and calculated Q (blue) time series. Calculated Q is based on the 
















Seasonal baca Seasonal 
Ba/Ca



























































































Figure 6. Annual average precipitation from two Panamanian rain gauge stations at 
Gamboa and Cristobal and annual average IC4A-2 Ba/Ca. Solid-line black bars represent 
periods of drought when both precipitation and Ba/Ca are at least one standard deviation 
below their respective averages. Dashed bars indicate times when only precipitation 
reports at least 1 standard deviation drought conditions, while the dotted bars demarcate 












































































Figure 7. Departure from average wet season values in precipitation (blue), Q (green), 
and coral Ba/Ca (red). Negative values suggest a drier hydroclimate. The three records 
follow a similar pattern reporting negative values in precipitation, Q, and coral Ba/Ca 








































































































Table 1.  Summary statistics for IC4A-2 Ba/Ca and calculated Q records. Q was 
calculated using the seasonally-resolved RMA-derived regression.   
  
Statistic Ba/Ca (µmol/mol) δ















0.53 0.35 Winter 50.087 59.738
Maximum 7.31 -4.93 Spring 60.163 47.337
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Isopora (Acroporidae) is a genus of often encrusting, branching to sub-massive 
corals that are common in many shallow habitats on modern and fossil Indo-West Pacific 
reefs. Although abundant, Isopora is largely absent from paleoceanographic literature. 
The scarcity of large Porites and the abundance of Isopora retrieved from the Great 
Barrier Reef (GBR) on Integrated Ocean Drilling Program (IODP) Expedition 325 
focused paleoceanographic attention on Isopora. Here we provide the first independent 
high-resolution calibration of both Sr/Ca and δ18O for temperature analyses based on 
Isopora and demonstrate its consistency with Porites records. We developed modern 
skeletal Sr/Ca- and δ18O-sea surface temperature (SST) calibrations based on five modern 
Isopora colonies from Heron Island in the southern GBR. Pairing the coral Sr/Ca record 
with monthly SST data yielded Sr/Ca-SST sensitivities from -0.061±0.004 (centered) to -
0.083±0.007 (raw) mmol mol-1 °C-1 based on Reduced Major Axis (RMA) regressions. 
These sensitivities are in the middle of the range of published Porites values and overlap 
most published values for Isopora, -0.075±0.011 to -0.065±0.011 mmol mol-1 °C-1. The 
δ18O-SST sensitivities range from -0.184± 0.014 (centered) to -0.185±0.014 (raw) ‰°C-1, 
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assuming all seasonal variation in δ18O was due to SST. These δ18O-SST sensitivities are 
smaller than the widely accepted value of -0.23 ‰°C-1 for biogenic aragonite but are at 
the upper end of high-resolution Porites-defined sensitivities that are consistently less 
than the aforementioned established value. Our results validate the use of Isopora as an 
alternative source of paleoceanographic records in habitats where large massive Porites 





Most coral-based Indo-Pacific paleoceanographic studies have been conducted 
using massive colonies of Porites, and most sea surface temperature (SST) calibrations 
are based on this genus. However, large Porites colonies are rare to absent in some reef 
habitats, creating a need to use other corals for environmental records. In 2010 the 
Integrated (now International) Ocean Drilling (now Discovery) Program (IODP) 
Expedition 325 to the Great Barrier Reef (GBR) collected fossil corals for reconstructing 
changes in sea level and SST since the Last Glacial Maximum (LGM) by drilling through 
the shallowest parts of the seaward margins of drowned reefs. Only one large Porites 
colony was cored, but many Isopora corals were sampled in most drill holes.  
Although infrequent in paleoceanographic literature, Isopora is common in 
shallow habitats on many Indo-West Pacific reefs and, therefore, its potential use in 
paleoclimatic studies deserves further investigation. Studies since the conclusion of IODP 
325, suggest branching to sub-massive forms of Isopora contain high-resolution, near-
monthly resolvable, geochemical records within their aragonite skeletons (Lemley, 2012) 
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that make them suitable for coral-based climatic reconstructions. Recent calibrations 
(Lemley, 2012; Nishida et al., 2014) did not use high-resolution (i.e., sub-annual) 
sampling, nor did they include skeletal trace metals, leaving the full suite of potential 
paleothermometers unexplored. Felis et al. (2014) applied an average of well-established 
Porites sensitivities to Sr/Ca data from fossil Isopora collected during IODP 325 to 
measure glacial-interglacial SST change on the GBR. They argued that their Sr/Ca- and 
δ18O-SST sensitivities of 3 bulk-sampled modern Isopora samples were equivalent 
(within error) to Porites calibrations. In this paper we establish the first high-resolution 
Sr/Ca-δ18O-SST calibration for Isopora, assess its consistency with Porites records, and 
provide an independent validation of the Isopora-based temperature analysis of Felis et 
al. (2014). We then evaluate the use of Isopora as a new source of Sr/Ca and δ18O records 
that may be available in both modern and fossil reef settings that lack large massive 
colonies of Porites.  
4.1.2. Isopora Corals  
Isopora is a genus of zooxanthellate, reef-building stony corals in the family 
Acroporidae, recently raised from sub-generic rank in Acropora by Wallace et al. (2007). 
Isopora colonies are often encrusting, branching, or forming sub-massive columns. 
Isopora morphology varies with location on a reef and the associated hydrodynamic 
conditions. Colonies on the windward reef crest and upper fore-reef, where they are 
exposed to high-energy waves, tend to be encrusting, while those in more protected areas 
(e.g., deep fore-reef, lagoons, leeward margins) usually have branching morphologies 
(Wallace, 1999; Appeltans et al., 2012). Much of the morphological variation appears to 
be genetically determined (Potts, 1984). Many Isopora are very hardy, capable of 
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thriving on reef flats, edge walls, and slopes, and some forms can grow over surrounding 
corals if they come into contact with other colonies (Potts, 1984; Wallace, 1999). They 
live in shallow waters from 0-20 m depth, usually within the upper 15 m.  
The two major frame-building Isopora species, I. palifera and I. cuneata, have 
similar arrays of branching to sub-massive morphologies. Both species have broad Indo- 
West Pacific distributions from the western Indian Ocean, throughout Indonesia and the 
Philippines, from Australia to Japan, and as far east as the Marshall Islands and Samoa 
(Aeby et al., 2014; Richards et al., 2014). Isopora is not known from the Hawaiian and 
Polynesian Archipelagos or the eastern Pacific. Both species are common in shallow 
habitats of the GBR.  
At least two extinct Isopora species (I. ginsburgi and I. curacaoensis) grew on 
Caribbean reefs during the Mio-Pliocene (Budd & Wallace, 2008) during the 
development of many extant Atlantic corals, including many Acroporids. The late 
Pliocene Atlantic extinction of Isopora coincided with extinctions of several other coral 
genera that are now restricted to the Indo-Pacific (Budd & Wallace, 2008). The spatial 
and temporal distributions of Isopora species with their regularly accreted aragonite 
skeletons and excellent preservation potential in fossil reef environments motivated us to 
explore the calibration of several key geochemical.  
 
4.2. Methods 
4.2.1. Study Site: Heron Island Reef  
The Heron Island Reef (HIR) is located towards the southern end of the GBR at 
23.4420˚S, 151.9140˚E, just north of the Tropic of Capricorn, and about 80 km northeast 
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of Gladstone, Queensland. HIR is a 27 km2 platform reef, is about 10 km long, with 
Heron I. itself a vegetated cay about 0.9 km long and 0.3 km wide near the western, 
leeward end of the reef (Jell & Flood, 1978; Salmond, et al., 2013) (Figure 1). Substrate 
type varies throughout the reef, with many areas having >30% hard coral cover 
(Salmond, et al., 2013). Despite its marginal latitude for reefs, HIR has a diverse fauna 
with about 60% of the ~1,500 species of reef fish and about 72% of the ~600 coral 
species found throughout the entire GBR. The ERSST v3b SST database gives the 
modern average annual SST amplitude at HIR as 5.4 °C (Smith et al., 2008)(Figure 2). 
Maximum SSTs are 27-28 °C while the annual minima are ~22 °C. Seasonal salinity 
variability is small and irregular, with an annual amplitude of 0.2-0.6 (Delcroix et al., 
2011). For a comparison of SST data products available for HIR, see supplementary 
material.  
4.2.2. Sampling Methods  
We analyzed five modern Isopora corals collected from the HIR on three 
occasions: (1) March 1975 (GBR-538) on the south slope (10 m); (2) November 1976 
(GBR-637 on the reef crest at 0 m depth, GBR-641A on the outer reef flat 1 m); and (3) 
July 2012 (HER-1F, HER-13, on the fore reef slope at 5 and 13 m) (Figures 1, 3). 
Approximate locations are shown in Figure 1.  
The corals were cut perpendicular to their growth axes into ~7 mm thick slabs, 
using a water-cooled rock saw (Figure 3). The slabs were cleaned in a deionized water 
bath with a 500W, 20k Hz probe sonicator. We used a Sherline Model 5100 “semi-
manual” triaxial micromill fitted with a spherical carbide bit at the Lamont-Doherty Earth 
Observatory (LDEO) to obtain high spatially/temporally resolved Sr/Ca and δ18O 
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samples. We retrofitted our micromill device and rotated the motor with the drill bit 90° 
from its normal orientation for horizontal mounting on a movable base. Sampling 
resolution, and therefore temporal resolution, is managed by advancing the drill along the 
x-axis. We excavated a 2 mm wide by 1 mm deep trough down a vertical transect in the 
center of the main growth axis in each coral slab, collecting the powder at 0.5 mm 
intervals. To prevent sample contamination we cleaned the coral slab with an ambient air 
blower and rinsed the drill bit with methanol between samples.  
We opted to mill at conservative 0.5 mm intervals to avoid aliasing the proxies’ 
full annual signal since there was no paleoceanographic literature on high-resolution 
(sub-annual) Isopora sampling. To sample at 0.5 mm intervals, we shaved off a small 
portion of the coral with each advancement to avoid straying from the maximum growth 
axis, yielding 35-40 samples per year. HER-1F was analyzed at 1 mm intervals to 
determine if we could reduce noise from the high frequency analysis that was not 
detected by the instrumental SST records. The 1 mm analysis interval produced ~20 
samples per year. 
4.2.3. Analytical Methods  
The five Isopora colonies yielded a total of 696 discrete samples for the Sr/Ca-
δ18O-SST calibration. Corals HER-13 (n=99), GBR-538 (n=158), GBR-637 (n=192), and 
GBR-641A (n=195) were analyzed at 0.5 mm intervals, using every sample taken. Coral 
HER-1F (n=52) was analyzed with 1 mm spacing (i.e., every other sample). 
Sr/Ca: We dissolved ~280 µg coral powder aliquots in 2% trace metal grade HNO3 to 2 
ml (50 ppm Ca) and vortexed each vial until no solid was visible. Before placing vials in 
the autosampler we vortexed each sample again to prevent settling and ensure a 
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homogenous solution. All samples were analyzed on a Thermo Inductively Coupled-
Optical Emission Spectrophotometer (ICP-OES) at LDEO based on the technique 
outlined by Schrag (1999). We ran standard Jcp-1 (n=58) approximately every 15 
samples, which yielded an average Sr/Ca value of 8.79 mmol/mol and a standard 
deviation of 0.06 mmol/mol. All values were drift corrected based on our internal 
standard, a diluted Matrix Match (MaMa) solution, with Sr/Ca at 9.68 mmol mol-1. We 
randomly replicated 10% of the samples, yielding an average precision of 0.07 mmol 
mol-1 among replicates.  
δ18O: We weighed aliquots of ~100 µg coral powder for stable isotope analysis. Each 
sample was dissolved in ~100% H3PO4 at ~90 °C and analyzed on a VG Optima Isotope 
Ratio Mass Spectrometer (IRMS) or an Elementar Isoprime at LDEO running on the 
same reference gas and reporting values on standards within error on one another. We 
intercalibrated the two spectrometers using the NBS-19 standard and all results are 
reported relative to Vienna Pee Dee Belemnite (in ‰). The long-term precision of each 
instrument is 0.06 ‰ for δ18O on NBS-19. We randomly replicated 10% of the samples, 
yielding an average precision of 0.08 ‰ among replicates. 
4.2.4. Coral Chronologies  
The time series for each coral was based on its own unique age model, created by 
tying Sr/Ca maxima and minima to SST minima and maxima in the annual cycle, and by 
tying the inflection points between annual maxima and minima to their respective SST 
inflection points. We used the ERSST v3b dataset (Smith et al., 2008) for alignment to 
create the age model: this is the longest continuous SST data product that we considered 
for the HIR quadrat and it spanned the growth of all five corals. We applied the Sr/Ca age 
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models to the coral δ18O data because both Sr/Ca and δ18O were measured on the same 
samples. We also created δ18O-based age models. Almost all of the δ18O and Sr/Ca tie 
points coincided, further supporting our application of the Sr/Ca age models to both 
Sr/Ca and δ18O data. The coral samples produced short time series, from 1.5 to 5 years in 
length. We used the Brown University Arand software package (Howell et al., 2006) to 
apply the age model and then create a proxy time series interpolated to 12 points per year 
for each coral.  
4.2.5. Sr/Ca-δ18O-SST Calibration Development 
 We calculated regressions for both the raw and centered geochemical data. In an 
effort to account for colony-specific offsets, such as habitat-specific thermal effects 
related to the residence time of water on the reef, low tide exposure, or the extent of 
oceanic-lagoonal water mixing, we centered each Sr/Ca and δ18O time series by removing 
the mean over the shared time interval. We created composite HIR coral Sr/Ca and δ18O 
records by averaging all corals contributing to a given monthly time point (N varied from 
1 to 3 for 1971-1976 and 1 to 2 for 2009-2012). We created the calibration by comparing 
both the centered and the raw Sr/Ca and δ18O composite series to the ERSST v3b HIR 
quadrat (centered at 22°S, 152°E). Differences among the four data products considered 
for the calibration (ERSST v3b, CAC, IGOSS, CAC+IGOSS) were most evident in the 
average annual amplitude, which ranged from 5.4 °C  (ERSST v3b) to 7 °C (IGOSS). 
Although nearby float and ERSST v3b data are correlated (R=0.35, p=0.05), this explains 
only ~12% of the variation, possibly because overlap of the datasets is short (~30 
months) and the correlation analysis may be skewed by outlying points (Figure 2). We 
present the calibrations based on ERSST v3b because the float in situ data do not extend 
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back to our older corals that were collected in 1976. See supplementary material for more 
information on the other SST data products.  
We assessed the covariance of Sr/Ca and δ18O with SST using Pearson’s product-
moment correlation coefficient (R) for two types of linear regressions, general least 
square (GLS) and reduced major axis (RMA) through the composite coral record. All R-
values are significant at the p<0.001 level unless otherwise noted. Unlike GLS, RMA 
produces a regression symmetrical to both axes, by minimizing the distance to the 
regression in the x and y directions, and it assumes uncertainty associated with the 
independent variable. This method of calibration development, using both GLS and 
RMA, is used in previous studies, and particularly for the IODP 325 analyses (Felis et al. 
2014 Supplementary Material). Together, the GLS and RMA regressions provide a 
reasonable range of SST sensitivities for both the Sr/Ca and δ18O proxies. We 
recommend applying the RMA calibration, not the GLS, to calculate the most accurate 
SSTs because it produces a more accurate slope with lower propagated error. 
 
4.3. Results 
4.3.1. Sr/Ca and δ18O Coral Records 
The five corals clustered into two distinct time periods, 1970-1976 (n=3) and 
2009-2012 (n=2), based on time of collection (Figure 4). The average annual amplitude 
(seasonal cycle) of the five Sr/Ca records was 0.38±0.07(1σ, N=5) mmol mol-1 and the 
average Sr/Ca values of the five corals ranged from 9.10 to 9.47 mmol mol-1, with the 
composite coral averaging 9.29±0.13(1σ) mmol mol-1. The average δ18O value of the 
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composite coral was -3.98±0.33(1σ) ‰ with an average annual amplitude of 
0.98±0.08(1σ) ‰.  
We also examined the statistical variance between coeval time points. The 
average Sr/Ca variance between corals at a given time point was 0.016 (raw) and 0.005 
(centered) mmol/mol while the coral δ18O variance was also low at an average of 0.153 
(raw) and 0.052 (centered) ‰ (Figure 4). All corals were averaged into a composite time 
series because of the small mean offsets in average and annual amplitude values and low 
variances of coeval time points (Figure 5). The geochemical variability of the five corals 
and the composite is summarized in Table 1. See supplementary material for individual 
and composite raw (uncentered) coral records. 
The corals were collected at a variety of locations on HIR to examine potential 
offsets associated with reef zone or water depth. Average Sr/Ca and δ18O values were 
variable, although there was no clear linear relationship between geochemistry and depth 
(Figure 6). The average offset from the mean was 0.069 mmol mol-1 and 0.042 ‰ for 
Sr/Ca and δ18O respectively. All five corals are included in the Sr/Ca-δ18O-SST 
calibration, which provides a multi-depth, multi-location perspective. Therefore, we can 
apply our calculated SST sensitivity to the fossil core regardless of a priori knowledge of 
depth or location within the reef.  
4.3.2. Isopora Sr/Ca-δ18O-SST Calibration  
 The Sr/Ca-δ18O-SST calibrations were based on the composite of all five corals 
for both the raw and centered data (Figure 7). The raw Sr/Ca-SST sensitivities were -
0.048±0.007 and -0.083±0.007 mmol mol-1 °C-1 from GLS and RMA, respectively, while 
the centered values were -0.047±0.004 mmol mol-1 °C-1 (GLS) and -0.061±0.004 mmol 
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mol-1 °C-1 (RMA) (Table 2). The propagated errors associated with the centered (raw) 
Sr/Ca GLS and RMA regressions are 3.07 °C (4.08 °C) and 1.76 °C (1.33 °C), 
respectively. The raw data yielded average δ18O-SST sensitivities of -0.126±0.014 ‰ °C-
1 (GLS) and  -0.185±0.014 ‰ °C-1 (RMA). Centering the δ18O data resulted in slightly 
different values of -0.124±0.014 and -0.184±0.014 ‰ °C-1 from GLS and RMA, 
respectively. The δ18O propagated errors for the centered (raw) GLS and RMA 
regressions are 4.22 °C (3.98 °C) and 1.52 °C (1.50 °C), respectively.  The lower 
propagated error associated with the RMA regressions supports their application over the 
use of GLS equations. See Table 2 for the complete calibration equations and the 
supplementary material for the other SST data product-specific calibration sensitivities 
and complete error propagation calculations. 
The δ18O-SST sensitivities assume that all of the δ18O variability was due to 
changes in temperature. Although the annual amplitude in regional salinity averages only 
0.31 per year (Delcroix et al., 2011), it equates to an ~8.5% reduction in the δ18O annual 
amplitude or a 0.45 °C reduction in the annual SST amplitude reconstructed from coral 
δ18O, based on the application of the tropical salinity sensitivity of 0.27 ‰ S-1 (Fairbanks 
et al., 1997) and our centered δ18O-SST RMA regression.  
 
4.4. Discussion 
4.4.1. Calibration Comparison to Published Values and Application 
Our results show that both Sr/Ca and δ18O values measured in Isopora are suitable 
paleothermometers with sensitivities comparable to those from similar coral-based 
studies. Our recommended centered, RMA Sr/Ca-SST sensitivity of 0.061 mmol mol-1 
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°C-1 falls within the middle of the range of those collected from a multitude of studies, 
particularly a list of unscaled (i.e., not corrected for skeletal mass accumulation in the 
tissue layer or growth rate effects) Sr/Ca sensitivities compiled by Gagan et al. (2012), 
which states an average of -0.0607 mmol mol-1 °C-1 (Table 3). This similarity suggests 
that the geochemistry of modern, columnar Isopora and modern, massive Porites are 
alike, and therefore Isopora is suitable for use in paleoceanographic studies 
We supplemented the Gagan et al. (2012) Sr/Ca list with available Isopora and 
Acropora Sr/Ca-SST sensitivities. Recent work by Felis et al. [2014] showed that bulk 
samples of modern Isopora produced a Sr/Ca-SST relationship of -0.075(±0.11) mmol 
mol-1 °C-1 (RMA), which is similar to our RMA sensitivity of -0.061(±0.004) mmol mol-1 
°C-1. Additionally, a recent Sr/Ca-SST calibration study of corymbose (densely branched) 
Acropora, the sister genus that formerly included Isopora, and in situ float data from 
CSIRO MAPCO2 at nearby Wistari Reef yielded sensitivities of -0.052 (lagoon) and -
0.042 (reef slope) mmol mol-1 °C-1 (Sadler et al., 2016). While the Acropora calibrations 
were based on float data, they are very similar to our instrumentally-defined Isopora 
sensitivities. Although both Acropora and Isopora are in the family Acroporidae, we 
cannot yet determine whether these similarities are owed to similar physiology.  
When considering applications of our new Isopora SST regressions, it is possible 
that high-resolution sensitivities might be best suited for reconstructions on the same 
timescale, rather than for reconstructing mean (i.e. interglacial-glacial) or inter-annual 
and multi-decadal changes. One issue of active discussion in the paleoceanographic 
literature is the use of bulk versus seasonally based sensitivities to reconstruct glacial-
interglacial changes. Seasonal coral Sr/Ca-SST sensitivities tend to result in lower slopes 
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that lead to the overestimations of SST mean state change. As examples, three recent, 
independent studies on Porites had larger slopes in the Sr/Ca-δ18O-SST regressions based 
on bulk sampling to be applied to inter-annual to mean state changes (e.g. glacial-
interglacial timescales) compared to commonly accepted values based on seasonal 
relationships for both Sr/Ca [-0.061 mmol mol-1 °C-1 (Corrège, 2006)] and δ18O [-0.18 ‰ 
°C-1 (e.g. Gagan et al., 1998)]. These studies reported slopes of  -0.104 mmol mol-1 °C-1 
and -0.213‰°C-1  (Felis et al., 2009), -0.089 mmol mol-1 °C-1 and -0.212 ‰ °C-1 (DeLong 
et al., 2010), and -0.084 mmol mol-1 °C-1 and -0.23 ‰ °C-1 (Gagan et al., 2012).  
Our regression error and current views on high resolution versus bulk sample 
calibrations suggest that our Sr/Ca-δ18O-SST Isopora calibration is best suited for 
capturing SST seasonality (i.e. the amplitude of the SST annual cycle) or possibly mean 
state SST change greater than 2 °C (see supplementary material for full error calculation). 
We would consider the application of our Isopora sensitivities, in conjunction with other 
published values, to the IODP 325 fossil corals to comprehensively understand SST 
change on the GBR since the LGM. The general concurrence amongst the bulk Isopora 
(Felis et al., 2014), high-resolution Isopora (this study), and average Porites Sr/Ca-SST 
sensitivities (Table 3) suggests that Isopora has the potential to expand existing networks 
of SST time series and possibly other geochemical proxies.  
The δ18O-SST sensitivities [-0.184 (centered) to -0.185 (raw) ‰ °C-1, RMA] are 
shallower than the established value for biogenic aragonite (-0.23 ‰ °C-1) (Epstein et al., 
1953) that was applied to Isopora by Felis et al. (2014), but are more in line with earlier 
high-resolution coral work on other genera (Table 3). Our δ18O-SST sensitivity falls 
between Isopora δ18O-SST sensitivities from the Felis et al. (2014) bulk samples (-0.218 
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‰ °C-1) and those reported by Lemley (2012) from work on Isopora from Myrmidon 
Reef (18°15’S, 147°23’E), Papua New Guinea (5°6’S, 145°48’E), and Heron Island  (-
0.15 to -0.16 ‰ °C-1). Additionally, Nishida et al. (2014) conducted an incubation study 
of Isopora palifera and calculated the same temperature sensitivity of -0.15‰°C-1. In a 
review of “non-traditional” corals in paleoceanographic studies, Sadler et al. (2014) 
suggested the shallower sensitivities of Lemley (2012) and Nishida et al. (2014) reflect 
smoothing in the ERSST data product and/or a lack of consideration for diagenesis and 
skeletal ultrastructure. While our study corroborates the Lemley (2012) and Nishida et al. 
(2014) δ18O-SST sensitivities by reporting sensitivities smaller than -0.23 ‰ °C-1 even 
after our application of multiple data products and high-resolution sampling (see 
supplementary material) it is possible these values could more closely approach the 
accepted biogenic aragonite SST sensitivity after rescaling that addresses skeletal mass 
accumulation in the tissue layer as suggested by Gagan et al. (2012).  
The δ18O composite also exhibited higher variance than the paired Sr/Ca data 
between simultaneous points. The variance and disparity between our δ18O-SST 
sensitivity and the more commonly accepted aragonite value may be partially attributed 
to the difficulty in constraining competing climatic influences on coral δ18O. As a first 
order estimate, we assigned all δ 18O variability to SST since the annual salinity signal is 
small [0.31 per year (Delcroix et al., 2011)], irregular, and swamped by the annual ~7°C 
SST change. However, other sources of δ18O variability may become a more important 
consideration for applying the calibration to fossil samples, due to long-term δ18O 
seawater composition changes. Further study of Isopora will clarify the differences 
between and similarities with Porites and how the two genera can complement each other 
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in paleoceanographic studies. To calculate an accurate temperature, it is important to 
consider the expected magnitude of SST change in comparison with the uncertainty 
associated with whatever regression is being applied.  
4.4.2. Isopora Sr/Ca- and δ18O-SST Calibration Development Process 
High-resolution time series are desirable during development of new coral-based 
geochemical proxy calibrations. However, carbonate powder samples, must be 
representative of the surrounding skeleton to average out any geochemical heterogeneity 
in the crystal structure. Some of the variability in our 12 points per year coral time series, 
derived from the 0.5 mm interval data, was not present in the instrumental and satellite 
SST records. This indicates our sampling method introduced analytical noise unexplained 
by SST variability. In pursuit of high-resolution series we may have yielded powders that 
are not truly representative of the monthly (or sub-monthly) environmental conditions. 
Future Isopora studies should consider the periodicity of the known climate oscillations 
at their study site before choosing a sampling scheme, with annual cycles adequately 
preserved at the 1 mm interval.  
Potential divergence from SST as recorded in ERSST v3b can be related to 
Isopora geochemistry because it may not be reflecting oceanic conditions but instead is 
more susceptible to temperature change driven by lunar-driven tides (Potts & Swart, 
1984). During a spring tide there is a strong oceanic influence since water has a short 
residence time on the reef, and therefore, SST recorded by Isopora is likely more similar 
to the oceanic SST, and therefore the ERSST v3b dataset. However, during a neap tide 
water on HIR has a long residence time, less mixing with oceanic waters, and is more 
likely to diverge from oceanic SST or ERSST v3b. This results in a trend of Isopora 
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recording warmer temperatures in the summer and colder in the winter compared to 
ERSST v3b (Potts & Swart, 1984). These sources of error do not detract from our ability 
to create our high-resolution calibration. Our centered Sr/Ca RMA regression error, 
±0.004 and ±0.011 on the slope and intercept, respectively, is smaller than that associated 
with the bulk sample-based Isopora calibration by Felis et al. (2014) [±0.011 (slope) and 
±0.09 (intercept)], the only previous trace metal Isopora study.  
We analyzed corals from several water depths and locations on HIR to assess 
Isopora as a potential paleothermometer and to determine whether there were any 
indications of whether local factors, such as water depth or water circulation throughout 
the reef may influence Isopora geochemical variation. There were no relationships 
between depth and mean Sr/Ca or δ18O among our samples, but our replication was very 
small (Figure 6). Although we cannot rule out local conditions as affecting geochemical 
variability we believe that centering the Sr/Ca or δ18O data did not systematically remove 
depth-dependent information. Another possible reason for no relationship between coral 
geochemistry and water depth is that most Isopora typically grow in a narrow depth 
range (0-15 m) where water is well mixed and likely to enhance geochemical 
homogeneity within a habitat. This apparent independence from water depth is 
particularly important when applying the calibration to fossil corals because of the 
difficulty of determining paleodepths. Isopora may provide a fortuitous option for 
different microhabitats, without a priori knowledge of water depth, location on the reef, 
or habitat conditions. There are many Isopora growth forms and growth rate can vary by 
an order of magnitude among habitats on the same reef, which should be considered 
when applying the calibration. Additional effort should be taken to increase the number 
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of corals in the calibration, and therefore its statistical power to be representative of the 
genus. 
The visible spread in both the Sr/Ca and δ18O versus SST plots (Figure 7) is partly 
due to uncertainties in the four-tie points per year age models we used to make the 
chronologies. We opted to use this method (adding inflection points in addition to annual 
maxima and minima) rather than an age model constrained by only two points, as a way 
to reduce error in our regressions. While there is still uncertainty in the four-tie point age 
model, we believe that it provides appropriate base-line data. Since this study introduces 
the first high-resolution Isopora Sr/Ca records, we are wary of “over-interpreting” 
variability in the Sr/Ca and δ18O annual cycles, and the four-tie point method is a suitable 
conservative approach for these first calibrations.  
Other possible errors in the regression may stem from the short and different 
lengths of the corals and from the creation of our coral composite, both of which may 
have led to incomplete removal of colony-specific vital effects unassociated with climate. 
There were two separate centering intervals, one for the corals collected in 2012 and the 
other for those collected in 1975-76. In addition to the two separate centering intervals, 
the length of time analyzed varied among the corals within each collection period, and 
there is a 34-year gap in the skeletal record between the two periods.  Therefore, 
incorporation of these corals into a composite probably contributes to the regression error 
as they do not perfectly represent a continuous record spanning ~1970-2012 based on a 
common shared time interval.  
The option of centering geochemical data is valuable since non-climate-related 
variability is known to occur among nearby colonies (e.g. Weber, 1973; Alibert & 
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McCulloch, 1997; Linsley et al., 1999; Marshall & McCulloch, 2002; Bagnato et al., 
2004; Cohen & Hart, 2004; Corrège, 2006; DeLong et al., 2007; Saenger et al., 2008; Wu 
et al., 2013). Understanding non-climatic forcing during proxy development facilitates 
comprehensive understanding of variability in the geochemical record and can be used to 
reduce miscalculations of the amplitude of SST change. We chose to create calibrations 
based on both raw and centered data to provide a range of potential Isopora sensitivities, 
and centering the data did result in slightly different sensitivities. We hypothesize that 
these differences reflect incomplete removal of biological effects, an artifact of the 
centering process. Because the composite is based on coral records of different temporal 
lengths, the mean of the shared time periods during the two collection intervals is not 
truly representative of the entire length of the composites. Since the difference between 
the two data treatments is small it is unlikely to alter interpretations of relative SST 
temperature change. The GLS and RMA regressions also differ. The RMA calibrations 
typically provide more accurate SST sensitivities (see Shen and Dunbar, 1995) since they 
produce symmetrical regressions by minimizing distance to the regression in both the x 
and y (perpendicular) direction. 
 
4.5. Conclusion 
 Isopora corals are common in shallow habitats on both modern and fossil Indo-
West Pacific reefs providing a potential source of data to complement paleoceanographic 
studies based on other corals. Our RMA calibrations yielded Sr/Ca-SST sensitivities of -
0.061±0.004 (centered) to -0.084±0.007 mmol mol-1 °C-1 (raw) and δ18O-SST 
sensitivities of -0.184±0.014 (centered) to -0.185±0.014 ‰ °C-1 (raw). These sensitivities 
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are comparable to other published coral values (mainly massive Porites), supporting their 
use in future studies, including those with IODP 325 samples. Our sensitivities may also 
be appropriate for Plio-Pleistocene paleoceanographic studies in the Atlantic using 
Isopora. Using Isopora will increase the arsenal of available coral paleothermometers in 
both the Atlantic and Indo-Pacific basins, and will add to understanding of metal 
incorporation across coral genera. 
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Figure 1. Location of Heron Island at the southern portion of the Great Barrier Reef (top 
panel) and enlargement of western end of Heron Island Reef (HIR) is magnified (lower 



































Figure 2. ERSST v3b (Smith et al., 2008) (black) centered about HIR (22°S, 152°E) and 
in situ float data are 0.6 m depth (red). The annual cycle is 6-8˚C per year. The float data 
is largely in accord with the gridded data products but reports cooler temperatures during 


























































Figure 3. Thin slabs cut from Isopora colonies collected on the HIR in July 2012 (HER-
13, HER-1F), November 1976 (GBR-637, GBR-641A), and March 1975 (GBR-538). 
Each coral records ~2-5 years of growth. The rulers mark 1 mm intervals and demarcate 































Figure 4.  Centered δ18O (top) and Sr/Ca (bottom) records from five corals. Note the 
inverted y-axes. All five corals have an annual cycle with similar amplitudes and are 
largely in accord with one another.  
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Figure 5. Composite centered δ18O (top) and Sr/Ca (bottom) records based on five 
individual corals. Error bars are standard deviations of the corals contributing to the 
composite at that time. All Sr/Ca and δ18O values have an analytical precision of 0.06 
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Figure 6.  Average Sr/Ca (open circles) and δ18O (closed circles) values for five corals 






































Figure 7. Centered composite coral Sr/Ca (left) and δ18O (right) plotted against ERSST 
v3b SST from HIR (22°S, 152°E). Error bars are the analytical error from each point in 
the composite. All Pearson’s product moment correlations (R) values are significant at 
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Table 1. Summary of geochemical analyses for each coral and the composite record.  
  














(mm) 100 100 81 52 50 N/A
Collection 
Year Nov-76 Nov-76 Mar-75 Jul-12 Jul-12 N/A

















19.3 18.0 26.3 19.1 27.4 22.0
Avg Sr/Ca 








0.36 0.30 0.41 0.39 0.47 0.38
Avg δ18O (‰) -4.07 -4.15 -3.39 -4.18 -4.10 -3.98
δ18O St. Dev. 
(‰) 0.30 0.29 0.29 0.33 0.36 0.31
Annual Amp. 























Table 2.  Summary of the Sr/Ca- and δ18O-SST calibrations based on ERSST v3b. 
Equations are in the form of Sr/Ca or δ18O (mmol/mol, ‰) = m×SST (°C)+b. The slope 
(m) is the sensitivity in mmol/mol°C-1 for Sr/Ca and‰°C-1 for δ18O.  
  
Coral Proxy Regression Slope (m) Slope error(±) Intercept (b) Intercept Error (±)
Sr/Ca (Raw)
RMA -0.083 0.007 11.37 0.02
Sr/Ca (Centered)
RMA -0.061 0.004 1.56 0.01
δ18O (Raw)
RMA -0.185 0.014 0.65 0.04
δ18O (Centered)
RMA -0.184 0.014 4.66 0.04
Sr/Ca (Raw)
GLS -0.047 0.007 10.48 0.18
Sr/Ca (Centered)
GLS -0.047 0.004 1.20 0.10
δ18O (Raw)
GLS -0.126 0.014 -0.84 0.34
δ18O (Centered)








































Table 3. Commonly accepted Sr/Ca- and δ18O-SST sensitivities for Isopora, Porites, 
other corals, and marine carbonates.  
1 
Average values, RMA and GLS, respectively 
2 
Based on 3 bulk samples with GLS and RMA, respectively, not 
applied to data 
3 
Average of 3 published Porites values 
4 
Scaled Average of multiple Porites values 
5 




GLS and RMA, respectively 
8


























Felis et al., 20142 Isopora -0.075±0.011 Felis et al.,
20142
Isopora -0.218±0.027










Porites -0.061±0.009 Epstein et al.,
1953
Porites -0.23
Sadler et al., 2016 Acropora -0.048±0.0001 Lemley, 2012 Isopora -0.15
Linsley et al.,
2000
Porites -0.082 Nishida et al.,
2014
Isopora -0.15
de Villiers et al.,
1994
Porites -0.080 Mitsuguchi et
al., 1996
Porites -0.13
de Villiers et al.,
1994
Pavona -0.067 Quinn et al.,
1996
Porites -0.19
de Villiers et al.,
1994




















Porites -0.061 Quinn et al.,
19989
Porites -0.17, -0.15




















Porites -0.065±0.011 Yu et al., 2005 Porites -0.17±0.01
Yu et al., 2005 Porites -0.042±0.003
Beck et al., 1992 Porites -0.062
Felis et al., 2009 Porites -0.140±0.037








Chapter 5: Sea surface temperature response to the last deglaciation since 25 kyr BP in 




The Great Barrier Reef (GBR), located along the Northeast coast of Australia in the Coral 
Sea, is the largest continental barrier reef system on Earth. The GBR developed in steps, 
beginning at ~670 kyr BP in the southern portion and 500 kyr BP in the northern 
sections. While warm sea surface temperatures (SSTs) are required for successful reef 
growth there is still little known about the SST history of the GBR since the Last Glacial 
Maximum (LGM). We present fossil Isopora coral Sr/Ca- and δ18O-inferred SST data 
from sites at 17° and 20° S in the GBR. Our record spans the deglaciation, from 25-11 
kyr BP, and indicates temperatures cooler on average by ~5°C (Sr/Ca-derived) to ~7°C 
(δ18O-derived) in the LGM compared to modern conditions. The SST calculations in this 
study are based on a suite of coral Sr/Ca- and δ18O-SST sensitivities and include the first 
application of Isopora-derived high-resolution calibrations. Our results support recent 
findings by Felis et al. (2014), specifically deglaciation commencing at 19 kyr BP and a 
range of warming ~5°C, who first examined fossil Isopora from the GBR using Porites-




There has been great effort put into quantifying and describing the tropical 
Pacific’s response to warming since the Last Glacial Maximum (LGM, ~20 kyr BP). 
Understanding sea surface temperature (SST) change since the LGM provides context for 
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understanding our modern, warming world. Changes in tropical climate not only have 
regional effects but also a distinct global influence, including modulating monsoon 
systems and El Niño-Southern Oscillation, which in their own rights have far-reaching 
consequences. Thus far, however, the majority of the LGM work in the Pacific Ocean 
largely focuses on the equatorial region (Koutavas and Sachs, 2008; Lea et al., 2000; 
Linsley et al., 2010; Stott et al., 2007).  
 The Great Barrier Reef (GBR), extending from about 10° to 25°S, 140° to 150°E 
at ~344,400 km2, is the largest extant epicontinental reef system (Davies et al., 1989). 
The reef is oriented in a northwest-southeast direction for 2000 km along the northeastern 
coast of Australia in the Southwestern Pacific’s Coral Sea (Davies et al., 1989). The GBR 
marine park is supremely diverse with over 600 species of hard and soft corals, 1,625 
types of fish, and 133 varieties of sharks and rays in 3,000 coral reefs (Australian 
Government, Great Barrier Reef Marine Park Authority). The initial development of the 
GBR dates back to ~500 kyr BP in the northern sector (Davies and Peerdeman, 1998; 
International Consortium, 2001; Webster and Davies, 2003; Braithwaite et al., 2004) and 
560-670 kyr BP in southern reefs (Dubois et al., 2008). The significant lifespan of the 
GBR provides the opportunity to analyze corals that can be used to develop a continuous 
record of climate over the past 0.5 Myr, through multiple glacial-interglacial shifts, 
helping us to understand the reef’s response to significant temperature and sea level 
change. Nevertheless, the environmental conditions under which the reef developed, 
particularly during the LGM deglaciation, remain poorly constrained, which is 
problematic considering the GBR’s biological and geological significance.  
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Earlier studies identify increasing SSTs as the catalyst for significant development 
of the GBR (Peerdeman et al., 1993). However, this premise was challenged by 
Lawrence et al. (2005), whose alkenone paleothermometry report ≤1.5°C warming over 
the past 800 kyr, which would not provide the expected pulse in thermally-driven reef 
expansion. More northern studies contradict these small SST estimates with results from 
the Coral Sea (Tachikawa et al., 2009) and the Western Pacific Warm Pool 
(WPWP)(Linsley et al., 2010), the component of the Indo-Pacific Warm Pool (IPWP) 
known to influence ENSO dynamics, doubling the previous estimate to about 3°C 
warming since the LGM. These varied measurements signal the need to develop a denser 
proxy-network to calculate a unified understanding of deglacial SSTs. Understanding the 
conditions under which a reef as significant as the GBR grew will further our knowledge 
of reef resilience and adaptability in a warming world. 
To address this data gap, in 2010 the Integrated (now International) Ocean 
Drilling (now Discovery) Program (IODP) Expedition 325 to the GBR collected fossil 
Isopora corals for reconstructing changes in sea level and SST since the LGM. IODP 325 
drilled through the shallowest parts of the seaward margins of drowned reefs to collect 
fossil samples (Figure 1). Felis et al. (2014) analyzed a selection of the collected Isopora, 
and according to their coral Sr/Ca-SST measurements deglacial warming commenced 
around 19 kyr BP, which is in accordance with results from the Coral Sea (Linsley et al., 
2010).  
Recently, Brenner et al. (2017) published Sr/Ca-δ18O-SST calibrations based on 
high-resolution sampling of modern Isopora from Heron Reef in the southern GBR. This 
provided the first high-resolution analysis of modern Isopora in the paleoceanographic 
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literature. While Felis et al. (2014) did present an Isopora specific Sr/Ca-δ18O-SST 
calibration, this was based on a bulk-sampling regime and they did not apply their 
calculated sensitivities to their fossil data. Here we present the first application of 
Isopora-derived SST calibrations applying both the high-resolution (Brenner et al., 2017) 
and bulk-sampled (Felis et al., 2014) sensitivities. 
The Sr/Ca measurements from fossil GBR Isopora indicate 5 to 6°C of surface 
ocean warming at Noggin Pass (17°S) and 6-7°C of warming at Hydrographer’s Passage 
(20°S) from the LGM to today. The range in SST change reflects the different Sr/Ca-SST 
sensitivities. The coral δ18O-SST estimates were larger with a warming of 6-8°C 
compared to the Sr/Ca-derived 4.5-6.5°C. These larger δ18O-derived SST measurements 
might be due to a positive δ18O anomaly owed to a reduction in regional precipitation-
evaporation during the LGM (Gagan et al., 1998; Felis et al., 2014). The degree of 
warming since the LGM from our coral-based proxy SST calculations supports the 
magnitude of change noted by Felis et al. (2014) and the thermally-driven reef accretion 
of the GBR. Unlike Felis et al. (2014), we do not focus on the meridional SST gradient 
between the two study sites, Hydrographer’s Passage (20°S) and Noggin Pass (17°S) 
sites. Our data, however, record a potential expression of the early Holocene Thermal 
Maximum in the GBR. 
 
5.2. Methods 
5.2.1. IODP 325 Coral Collection and Sample Preparation 
During IODP 325 in February-April 2010 fossil corals were collected at Noggin 
Pass (NOG; 17.1°17°S, 146.6°E) and Hydrographer’s Passage (HYD; 19.7°S, 150.3°E) 
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(Webster et al., 2011) (Figure 1). In this study we present coral Sr/Ca and δ18O bulk 
analyses from 37 fossil Isopora (NOG: n=16, HYD: n=21). Drill cores sampled sub-
massive and columnar fossil Isopora cuneata/palifera between 56 and 126 m below 
modern sea level. Cores collected during IODP 325 were described and prepared for 
sampling in Bremen, Germany in July 2010. Corals were then slabbed, screened for 
diagenesis and U/Th dated prior to paleoclimate analysis. 
All fossil coral samples were scanned for diagenesis using X-radiography and 
powder X-radiography diffraction (XRD) to examine the aragonite skeleton, yielding 
results of ≤1.5% calcite. To further enhance diagenesis scanning, petrographic thin 
sections were created for select fossil samples (n=19) and revealed excellent preservation 
of primary porosity and no substantial evidence for calcite or secondary aragonite 
precipitation (see Felis et al., 2014).  
Following diagenesis screening, the fossil corals were U/Th dated at three 
laboratories: Woods Hole Oceanographic Institution, Australian National University, and 
University of Oxford. The U/Th ages are reported in kyr BP. Interlaboratory replication is 
within 100 years and approaches the intra-coral variation as elucidated by high-precision 
methods at the Woods Hole Oceanographic Institution. The U/Th dates revealed that the 
fossil corals spanned a 14-kyr window, from ~25-11 kyr BP, capturing the Last Glacial 
Maximum (LGM) at ~20 kyr BP and its deglaciation. For full XRD and U/Th dating 
results as well as the unique dating methods see Felis et al. (2014).  
Bulk powder samples were collected from fossil corals by continuously milling 
along the major growth axis of each coral (perpendicular to the growth bands). We 
excavated a continuous trench ~2.5 mm wide by ~2.5 mm deep. Bulk powders were 
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stored in microcentrifuge tubes and homogenized by rolling and agitating the archived 
powder. It is important to note that the diameter of the drill core limits our interpretation 
of the morphology of each coral colony, which sometimes makes identification of the 
major growth axis difficult (Felis et al., 2014). Slight departure from the growth axis may 
result in geochemical variation owed to vital effects that are unrelated to climate 
variability. We believe that bulk sampling reduces the potential for our data to be skewed 
by these vital effects and prevents over-interpretation of geochemical variation. 
Additionally, previous sub-millimeter analysis of the submassive fossil Isopora did not 
yield clear, consistent annual cycles suggesting that the calcification of LGM aged fossil 
Isopora was not conducive to recording this mode of variation (see Felis et al., 2014 
supplementary material). The lack of sub-annual oscillations following microsampling 
provided further impetus to pursue a bulk-resolution sampling scheme (see Felis et al., 
2014). The goal of this study was to reconstruct mean SST change, therefore, measuring 
the geochemical average (bulk samples) of fossil corals was the most appropriate 
methodology.  
5.2.2. Coral Sr/Ca and δ18O Analytical Methods 
Geochemical analyses were conducted at MARUM- Center for Marine 
Environmental Sciences (Bremen, Germany), Lamont-Doherty Earth Observatory 
(Palisades, NY), Australian National University (Canberra, Australia), School of 
GeoSciences (Ediburgh, Scotland), AIST- National Institute of Advanced Industrial 
Science and Technology (Tsukuba, Japan), AORI- Atmosphere and Ocean Research 
Institute (Kashiwa, Japan). See Supplementary material for a full list of corals presented 
in this study and their initial publication.  
	 	 112	
We supplemented the currently published IODP-325 data from Felis et al. (2014) 
with 12 new and 5 replicated fossil coral samples at LDEO. At LDEO the fossil coral 
bulk powders were analyzed at in triplicate from archived sample powders to ensure that 
results provided an adequate representation of the entire coral slab. The Sr/Ca 
measurements were made on an Inductively Coupled Plasma- Optical Emission 
Spectrophotometer (ICP-OES) based on the technique developed by Schrag (1999). We 
dissolved ~280 µg coral powder aliquots in 2% trace metal grade HNO3 to 2 ml (50 ppm 
Ca) and vortexed each vial until no solid was visible. Before placing vials in the 
autosampler we vortexed each sample again to prevent settling of carbonate powder and 
ensure a homogenous solution. All values were drift corrected based on our internal 
standard, a diluted Matrix Match (MaMa) solution, with Sr/Ca at 9.68 mmol mol-1. 
During the Sr/Ca analysis we ran the Jcp-1 standard, which yielded an average of 8.77 
mmol mol-1 with a standard deviation of 0.044 mmol mol-1. The average standard 
deviation of triplicate samples was 0.048 mmol mol-1 and the average difference of the 5 
fossil corals replicated from the Felis et al. (2014) study was 0.030 mmol mol-1. 
 Using triplicate splits from the same samples we analyzed skeletal δ18O using an 
Elementar Isoprime Isotope Ratio Mass Spectrometer (IRMS) or a Thermo Delta Kiel V+ 
IRMS, both inter-calibrated at LDEO. Stable isotope analysis required aliquots of ~100 
µg coral powder and each sample was dissolved in ~100% H3PO4 at ~90°C (Isoprime) or 
~70°C (Kiel). All results are reported relative to Vienna Pee Dee Belemnite (in ‰). The 
long-term precision on both machines was 0.06 ‰ for δ18O on NBS-19. The average 
standard deviation of triplicate samples was 0.093 ‰ and the average difference of the 5 
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fossil corals replicated from the Felis et al. (2014) study was 0.155 ‰. Coral δ18O values 
were sea level corrected according to Waelbroeck et al. (2002).   
5.2.3. Sr/Ca- δ18O-SST Sensitivities  
In this study we apply a suite of Porites and Isopora SST sensitivities to our fossil 
Sr/Ca and δ18O data in order to calculate SST change since the LGM in the central GBR. 
The use of multiple sensitivities provides a range of values, which is beneficial since the 
use of Isopora in paleoceanographic work is a relatively nascent practice. To calculate 
relative SST from our Sr/Ca data we applied 2 Isopora sensitivities [-0.061±0.004 mmol 
mol-1°C-1, high-resolution (Brenner et al., 2017) and -0.075±0.011 mmol mol-1 °C-1, bulk 
(Felis et al. 2014)] and 1 Porites-based sensitivity [-0.089 mmol mol-1°C-1, bulk sampled 
(DeLong et al., 2010), -0.065 mmol mol-1°C-1, raw high-resolution compilation (Gagan et 
al., 2012), -0.084 mmol mol-1°C-1, rescaled high-resolution compilation (Gagan et al., 
2012)].  See supplementary material for SST calculation using the Gagan et al. (2012) 
Porites-based sensitivities. For the δ18O data we applied 2 Isopora sensitivities [-0.184 
‰°C-1, high-resolution (Brenner et al., 2017) and -0.218 ‰°C-1 bulk (Felis et al. 2014)] 
and the commonly used value for biogenic carbonate [0.23 ‰ C-1 (Epstein 1953)]. We 
calculated relative SST using the average Sr/Ca and δ18O values from the 5 modern 
Isopora from Heron Island in Brenner et al. (2017) as a modern reference. 
  
5.3. Results 
  The fossil Isopora yielded an average Sr/Ca value of 9.68 mmol mol-1 from 25-
21 kyr BP and an average value of 9.30 mmol mol-1 from 13-11 kyr BP for a change of 
0.37 mmol mol-1 throughout our record (Figure 2). The δ18O record produced a change of  
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-0.81 ‰ over the deglaciation with an average of -2.58 ‰ and -3.39 ‰ from 25-21 kyr 
BP and 13-11 kyr BP, respectively (Figure 2). See supplementary material for full results 
in Table S2 and S3.  
Based on a suite of sensitivities for coral Sr/Ca and δ18O we produced a range of 
relative SST change since the LGM. According to coral Sr/Ca and δ18O-SST conversions, 
SSTs were cooler on average by 5.39±1.41°C and 6.91±0.73 respectively, according to 
our LGM aged corals (25-21 kyr BP). See Tables S4 and S5 for a list of SST calculations 
and their associated Sr/Ca-δ18O-SST sensitivities.   
 
5.4. Discussion 
5.4.1. Evaluation of the Application of Sr/Ca- δ18O-SST Sensitivities to Fossil 
Isopora 
 Prior to 2014 Isopora were nearly absent from the paleoceanographic literature, 
barring a few stable isotope–based calibration studies (see Lemley 2012; Nishida et al., 
2014). IODP-325 collected fossil Isopora in most drill holes but cored only one Porites 
colony, which is the genera commonly used in Pacific-centered paleoceanographic work. 
Like Porites, Isopora are suitable for developing SST reconstructions because they are 
zooxanthellate, reef-building, stony corals that regularly accrete their aragonite skeleton 
and have excellent preservation potential.  Isopora live in shallow waters from 0-20 m 
depth, usually within the upper 15 m, and adopt a sub-massive to branching morphology 
when they grow in protected reef environments (e.g., deep fore-reef, lagoons, leeward 
margins). The two species in this study, Isopora cuneata/palifera, are common in shallow 
portions of the GBR but are also broadly distributed in the Indo-West Pacific from the 
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western Indian Ocean, through Indonesia and the Philippines, as well as from Australia to 
Japan and eastward up to the Marshall Islands and Samoa (Aeby et al., 2014; Richards et 
al., 2014).  
Recent work by Felis et al. (2014) provided the first results from IODP-325, but 
just as notable, was that it was also the first publication to present relative SST change 
calculations using Isopora. Although Felis et al. (2014) did calculate their own Sr/Ca-
δ18O-SST sensitivities based on modern, bulk-sampled Isopora, they opted to apply a set 
of previously established SST sensitivities that was based on Porites geochemistry. 
Following the Felis et al. (2014) study, Brenner et al. (2017) developed a high-resolution 
Sr/Ca-δ18O-SST calibration based on 5 modern Isopora corals from Heron Island, located 
towards the southern tip of the GBR. The Brenner et al. (2017) sensitivities are smaller 
but within error of the Felis et al. (2014) sensitivities (see supplementary material in Felis 
et al., 2014).  
We applied both high-resolution- and bulk sample-derived calibrations to the 
fossil Isopora corals to address a current point of active discussion in the 
paloceanographic community. Seasonal coral Sr/Ca-SST sensitivities sometimes result in 
lower slopes that lead to the overestimations of SST mean state change. Recent studies 
report larger slopes in their Sr/Ca-δ18O-SST regressions based on bulk sampling to 
calculate inter-annual to mean state changes (e.g. glacial-interglacial timescales) 
compared to the values that are based on seasonal relationships for both Sr/Ca [e.g. -
0.061 mmol mol-1°C-1 (compilation, Corrège, 2006)] and δ18O [e.g. -0.18 ‰°C-1 (Gagan 
et al., 1998), -0.23 (Epstein et al., 1953)]. A bulk sampled, Porites-based study by 
DeLong et al. (2010) report -0.089 mmol mol-1°C-1 and -0.212 ‰°C-1 (DeLong et al., 
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2010) for Sr/Ca- and δ18O-SST sensitivities, respectively. More recently Felis et al. 
(2014) utilized a compilation of recent bulk-sampled Porites Sr/Ca-SST sensitivities 
averaging -0.104 mmol mol-1°C-1 [(-0.140 mmol mol-1°C-1 (Felis et al., 2009), -0.089 
mmol mol-1°C-1 (DeLong et al., 2010), -0.084 mmol mol-1°C-1 (Gagan et al., 2012)] and 
the commonly accepted biogenic carbonate δ18O-SST sensitivitiy of -0.23 ‰°C-1 
(Epstein et al., 1953). While Felis et al. (2014) also calculated bulk average Isopora-
based Sr/Ca- and δ18O-SST sensitivities, -0.075 mmol mol-1°C-1 and 0.213‰°C-1, 
respectively, they opted to apply the aforementioned published Porites values.  
We opted to provide a range of SST estimates based on both bulk and seasonally-
resolved geochemical time series and Porites- and Isopora-derived SST sensitivities to 
address the potential influence of resolution on calibration development. The relative SST 
change from the LGM, which we define as the average SST from 25-20 kyr BP, to 
modern as calculated with the bulk-based Isopora sensitivities (Felis et al., 2014) are 1.21 
°C and 1.22 °C less than those calculated using the high-resolution Isopora sensitivities 
(Brenner et al., 2017) based on Sr/Ca and δ18O geochemistry, respectively. The larger 
estimates of LGM cooling as calculated by high-resolution calibrations suggests that 
there might be calibration-specific variation when calculating mean state SST change but 
at this point measurements are within error regardless of the sampling method of the 
calibration. 
5.4.2. LGM Deglacial Pattern 
According to our record, post-LGM warming begins around 19 kyr BP, which is 
also when warming commenced in the WPWP (Linsley et al., 2010), and supports the 
initial IODP 325 assessment by Felis et al. (2014), who state that warming began no later 
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than 19 kyr BP. Our record also indicates that the GBR reached its modern SST as early 
as ~12 kyr BP and some of our youngest samples slightly surpass modern SST (Figures 
3, 4). The LGM deglaciation, however, was by no means a smooth transition. Instead it is 
punctuated by periods of both anomalous warming and cooling. The warming events 
include the Bølling/Allerød (B/A; ~14.7-12.7 kyr BP) and the Southern Hemisphere 
expression of the mid-Holocene Thermal Maximum (HTM: ~6.8-6 kyr BP), which is 
supported by numerous studies mentioned in Sadler et al. (2016) from Indonesia (Abram 
et al., 2009), Vanuatu (Duprey et al. 2012), Papua New Guinea (Abram et al., 2009; 
McCulloch et al., 1996), and the GBR (Sadler et al., 2016).  
The youngest fossil Isopora corals in our study, from about 12-10 kyr BP, 
indicate a higher rate of warming than earlier in the deglaciation and reach SSTs 
exceeding modern temperatures at Heron Island, south of the IODP 325 drill transects 
(Figures 3, 4). This diversion could be due to unique local conditions that vary between 
sites or with latitude. Furthermore, these warmer-than-modern SSTs could be an 
expression of the early-HTM, which is evident from ~11-9 kyr BP in speleothems from 
New Zealand (Williams et al., 2004), high-latitude marine cores (Pahnke and Sachs, 
2006; Stott et al., 2004), and Antarctic ice cores (Masson et al., 2000) but not yet 
identified in the GBR. Sadler et al. (2016) note that there is a dearth of coral records from 
the early Holocene. Our fossil Isopora, therefore, can begin to fill this void and provide 
preliminary insight into a potential expression of the early-HTM. This interval would 
benefit from high-resolution analysis to further quantify the early-HTM in the GBR, 
which may provide an analog for future warming and GBR reef response and resilience.  
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Due to variability in sample-calculated SST in our GBR results, our bulk-sampled 
record does not clearly identify millennial scale, abrupt climate shifts (e.g. YD, 
Meltwater Pulse 1a, 1b, Heinrich Stadial 1), nonetheless it aligns with previously 
published data and extends the coral fossil record from the Mid-Holocene through the 
deglacial trend (Figure 5). There is an abundance of records from numerous proxies that 
calculate SST change in the GBR and the Indo-West Pacific, however, the majority of 
these coral-based proxy studies are generated on fossils that only date back to the 
beginning of the last glacial period, the point at which our record ends. By appending 
additional coral-based SST calculations from other studies in the GBR, Tahiti, Papua 
New Guinea/ Indo West Pacific Warm Pool, and Vanuatu to our time series we can more 
completely understand the SST history of the GBR and surrounding region (Figure 5). 
The extended SST record spans 25 kyr BP to 4.9 kyr BP. This compendium of 
reconstructed SSTs preserves the generally accepted pattern of LGM deglaciation, 
punctuated by brief periods of abrupt warming or cooling.  
5.4.3. Ecological Perspective of the LGM Deglaciation and Implications for the 
Future 
The amplitude of our Isopora Sr/Ca and δ18O-derved glacial-interglacial SST 
change of 5.39±1.41°C and 7.17±0.73°C of warming repectively, is largely in accord 
with the published literature. This supports earlier work on IODP 325 corals by Felis et 
al. (2014), whose samples are also included in this study, and reported 4-8 °C cooling in 
the LGM relative to the present. The Sr/Ca- and δ18O-derived measurements likely 
represent maximum cooling for a few reasons (Felis et al., 2014). Our Sr/Ca values do 
not take into account changes in the Sr/Ca composition of seawater, which are difficult to 
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correct for (see supplementary material in Felis et al., 2012), and our δ18O values are 
likely influenced by excessive regional evaporation, leading to an anomalous enrichment 
of 0.46 ‰ in δ18O and an increase in calculated cooling (Gagan et al., 1998; Felis et al., 
2014).  
Active accretion of the GBR persisted through this interval as evidenced by the 
collection of fossil corals that U-Th dates indicate grew during this time. Isopora must 
have continued to accrete or propagate shoreward in order to avoid reef drowning due to 
deglacial sea level rise. Felis et al. (2014) assume a minimum temperature of 21.5°C to 
sustain Isopora growth based on modern, living Isopora at Lord Howe Island, the 
southernmost Pacific reef in the GBR (Veron and Done, 1979; Locarnini et al., 2010; 
Felis et al., 2014), which is surpassed by our coral-based LGM cooling calculations. If 
21.5°C is the true minimal temperature for Isopora growth, then SST on the GBR during 
the LGM could have experienced no more than 5.1°C (NOG)- 4.5°C (HYD) of cooling 
based on modern SSTs of 26.6°C and 26°C, respectively (Felis et al., 2014). Our Sr/Ca-
derived SSTs indicating a 5.11±1.23°C (NOG) to 5.80±1.48°C (HYD) cooler surface 
ocean in the GRB during the LGM, are in line with the ecologically-based estimates, 
even without accounting for potential changes in the Sr/Ca composition of seawater. 
There are two caveats to the ecologically-based temperature minimum. Firstly, there are 
no reefs below Lord Howe so it is possible that Isopora are not unable to grow because of 
temperature cosntraints but rather a lack of sufficiently shallow substrate or other 
chemical, biological, or geological requirements. Secondly, reefs are exposed to dramatic 
temperature changes (annually >5°C) owed to changes in residence time of oceanic 
versus coastal water, dictated by the lunar cycle (Potts and Swart, 1984). At Heron Island, 
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SST can swing below 20°C on the reef (Potts and Swart, 1984). For these reasons we are 
unconcerned that our magnitude of cooling slightly exceeds the ecological constraint 
reported by Felis et al. (2014). 
The large number of corals in this study, in conjunction with the method of bulk 
averages, provides accurate estimates of relative SST change. The δ18O-derived SSTs, 
6.52±0.72°C (NOG)-7.20±0.74°C (HYD), indicate more cooling than allowed according 
to the ecologically-based estimates. We attribute this disparity to a reduction in the 
precipitation-evaporation balance (Gagan et al., 1998; Felis et al., 2014). However, it is 
important to consider that the 21.5°C threshold might not be a perfect equivalent for 
growth conditions for submassive, LGM-aged corals. The southernmost Isopora at Lord 
Howe, which at the time of their investigation were still classified under the genus 
Acropora, adopt an encrusting morphology with horizontal plates and little vertical 
growth. This morphology may have different environmental requirements than the 
submassive fossil Isopora, such as SST, for growth (Veron and Done, 1979).  Our 
calculated SSTs are not substantially offset from the ecologically-based estimates, 
suggesting that SST conditions were suitable to sustain coral growth, perhaps hovering 
around the lower limit for calcification, through the LGM. Regardless of the rate at which 
Isopora were calcifying during the LGM, they were consistently recovered throughout 
the drowned seaward margins from 25 kyr BP to today.    
 Understanding overall SST change on the GBR since the LGM provides insight 
into its resilience in the face of warming climate. From the LGM to the base of the 
Holocene in our record (~11 kyr BP), GBR SST warmed 4-5°C (δ18O- and Sr/Ca- 
derived, respectively). Assuming a linear increase in SST, this translates to ~0.028 and 
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0.036°C/century during this interval. Extending the time window to the present using the 
modern Sr/Ca (δ18O) benchmark of 9.28 mmol mol-1 (-4.02 ‰) from Heron Island Reef 
(see Brenner et al., 2017) the warming rate decreases to 0.022 °C/century (0.016 
°C/century). The Intergovernmental Panel on Climate Change (IPCC) (2013) models 
project strong warming of the surface ocean in the tropical regions and on average predict 
an increase of 2.5 °C by 2100 off the northeastern coast of Australia in the Great Barrier 
Reef (Lough et al., 2012; Rhein, et al., 2013; Cai et al., 2014; Hoegh-Guldberg et al., 
2014; Reisinger et al., 2014), many times faster than the rate of warming following the 
LGM. With sea and air temperatures on the rise, the biological, physical, and chemical 
integrity of the GBR are at great risk in the following decades (Lough et al., 2007). Most 
notably, according to the Representative Concentration Pathway (RCP) 4.5 model (Moss 
et al., 2008), bleaching in the GBR will occur at least twice per decade beginning in 2018 
with conditions conducive to annual bleaching starting between 2052 and 2067 (van 
Hooidonk et al., 2013). The current rapid warming and its predicted associated impacts 
are unprecedented viewed in the context of our fossil Isopora GBR results, making it 
difficult to provide an accurate analog or fully predict the future destruction of the reef.  
 
5.5. Conclusions  
 Our fossil GBR record is the first paleoceanographic study that calculates relative 
SST change using Isopora-based Sr/Ca-SST and δ18O-SST sensitivities. According to our 
fossil Isopora results, the GBR was on average 5-7°C cooler in the LGM compared to 
modern conditions, in line with earlier work on IODP 325 corals (Felis et al., 2014) and 
also in line with previous calculations that employ Porites-based sensitivities. This 
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further demonstrates that Isopora are more than suitable for paleoceanographic 
reconstructions. With further investigation, the youngest Isopora in our fossil record (~12 
kyr BP) might provide some of the first evidence of an expression of the early HTM in 
the GBR. Our estimates likely represent maximum cooling as they do not correct for 
potential changes in the Sr/Ca composition of seawater, positive enrichment in δ18O 
caused by an increase in evaporation during the LGM, however they only minimally 
exceed ecological limits on Isopora growth. Finally our fossil Isopora results extend the 
coral-based SST record from the early Holocene back to 25 kyr BP. 
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Figure 1.  Map of study sites, Noggin Pass (17.1°S, NOG) and Hydrographer’s Passage 
(19.1°S, HYD) in the GBR off the Northeast coast of Australia in the Coral Sea with 
annual SST range. Annual SST range at our sites is substantial at 4-5°C, however, bulk 
average sampling reduces this high frequency variability allowing for examination of 
mean state changes in SST. Also noted is the location of modern Isopora corals used to 
calculate relative SST change at Heron Island Reef (HER). Three major currents in the 
region, the South Equatorial Current (SEC), East Australian Current (EAC), and Tasman 





















Figure 2. Fossil coral Sr/Ca (left) and δ18O (Sea Level corrected) (right) plotted against 
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Figure 3.  Sr/Ca-derived SST anomalies (i.e., SST difference from today) based on 
various sensitivities. The fossil corals indicate that conditions during the LGM (20-25 kyr 











10 12 14 16 18 20 22 24 26
Sr/Ca-Derived SST
Felis et al. (2014) Isopora (RMA), bulk (-0.075 mmol mol -1 oC-1)
DeLong et al. (2010) Porites (WLS), bulk (-0.089 mmol mol -1 °C-1)
Brenner et al. (2017) Isopora (RMA), high-resolution 



















































Figure 4. δ18O-derived SST anomalies (i.e., SST difference from today) based on various 
sensitivities. The fossil corals indicate that conditions during the LGM (20-25 kyr BP in 
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Figure 5.  Average Sr/Ca- (solid red) and δ18O-derived (solid black) SST anomalies 
(±average error). All open symbols are Sr/Ca-derived SST from previous studies using 
Acropora (diamond), Porites (square), and Diploastrea (triangle) corals from the GBR 
(red and black), Tahiti (orange), Papua New Guinea/Indo-West Pacific Warm Pool 
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Chapter 6: Synthesis 
 
 This dissertation demonstrates the wide applicability of coral-based climate 
proxies. To examine the many ways in which coral proxies can be interpreted I studied a 
suite of climate proxies from different environments in the tropical Pacific, in two coral 
genera, and on a variety of time scales. The various time series and insights gained from 
these records supplement the current knowledge base of climate variability in coastal, 
reef, and open ocean settings.  
 Hydrologic conditions on the Pacific coast of Panamá are largely dictated by 
meridional shifts in the Intertropical Convergence Zone (ITCZ) producing a clear wet and 
dry season, annually. This high-frequency variability is evident in my Porites coral δ18O 
record from Secas Island in the Gulf of Chiriquí presented in Chapter 2. However, there 
are other periodicities that are elucidated in the coral δ18O, in particular a decadal (~10 
year) cycle. This lower frequency mode of variability in hydroclimate is likely related to 
basin-wide variability and is a component of the Pacific Decadal Oscillation (PDO). The 
strong gradient in precipitation and close proximity to the ITCZ dictates coral δ18O, 
swamping influence from sea surface temperature (SST). 
 Continuing to explore Panamanian hydroclimate along the Pacific coast in 
Chapter 3, I developed a coral Ba/Ca record, which is a proxy for river discharge (Q). As 
expected, coral Ba/Ca-inferred Q oscillated seasonally with the ITCZ migration and the 
associated wet and dry seasons. Additionally, coral Ba/Ca can also be used to help 
identify El Niño events and seasons with prolonged drought. As an indicator for 
disruptions in the typical hydroclimate pattern, coral Ba/Ca records could prove to be 
significant in helping to inform policies relating to movement of pollution, potable water 
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storage, and irrigation. While coral Ba/Ca and other elemental metal/Ca records can be 
driven by SST, in the Gulf of Chiriquí precipitation controls regional climate and 
therefore dictates coral geochemistry and paleoceanographic interpretation of the paleo 
proxies.  
On the other side of the Pacific Ocean in the Great Barrier Reef (GBR), closer to 
the southern bound of the tropics (the tropic of Capricorn), my corals record a SST 
history. In Chapters 4 and 5 I present fossil and modern Isopora coral δ18O and Sr/Ca 
data from the GBR. At Heron Island, the location of the modern Isopora, seasonality is 
driven by SST. Therefore both Sr/Ca and δ18O serve as paleothermometers rather than 
records of precipitation. The fossil corals date back to the Last Glacial Maximum (LGM) 
(~20 kyr BP) and mean-state change in the GBR is also characterized by temperature, in 
this case warming to reach modern conditions. Unlike Pacific Panamá, in the GBR SST 
variability is significant enough to be detected on seasonal and mean-state timescales. 
The coral-based paleo proxies from the GBR presented here tell a story of SST variability 
rather than precipitation or river discharge.  
In Chapter 4 I presented the first modern, high-resolution Isopora Sr/Ca- and 
δ18O-SST calibration, which, until recently, was a previously underutilized coral proxy 
host. The Sr/Ca- and δ18O-SST sensitivities (-0.061 mmol mol-1 °C-1 and -0.184 ‰ C-1, 
respectively) are comparable to those already applied to Pacific Ocean-based 
paleoceanographic studies, typically derived from Porites corals. An SST calibration vets 
Isopora’s utility as a paleothermometer and promotes its use in Pacific-based 
paleoceanographic research where other more commonly used corals might not be 
present.  
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In Chapter 5 I applied the newly calculated Sr/Ca- and δ18O-SST sensitivities to a 
suite of LGM-aged GBR fossil corals collected on International Ocean Discovery 
Program (IODP) 325. I calculated a cooling of ~5-7°C from the Sr/Ca and δ18O records, 
respectively, which is largely in line with other coral proxy-derived SST estimates from 
the GBR. My measurements also extend the wealth of coral-based studies that date to the 
base of the Holocene back to the LGM. Assuming linear change from 25-10 kyr BP, the 
span of the fossil coral record, the GBR warmed at a rate of to ~0.028 and 0.034 
°C/century (δ18O- and Sr/Ca-derived, respectively). A thorough understanding of past 
SST change in the GBR is crucial to contextualize present and future warming and the 
associated risk to the reef.  
 This dissertation illustrates the varied ways in which coral-climate proxies can be 
utilized, specifically how they contribute to understanding climate in the Tropical Pacific. 
In addition to a greater appreciation for the specific environmental parameter each 
climate proxy represents, my findings highlight the extreme flexibility of corals to 
provide paleoclimate data on a spectrum of time scales at varied resolution. Continued 
investigation of tropical hydroclimate contributes to responsible development of climate 
predictions by enhancing climate models, comprehensive environmental policies, and 




Abram, N. J., McGregor, H. V., Gagan, M. K., Hantoro, W. S., and B. W. Suwargadi 
(2009), Oscillations in the southern extent of the Indo-Pacific Warm Pool during the 
mid-Holocene, Quaternary Science Reviews, 28, 2794-2803, doi: 
10.1016/j.quascirev.2009.07.006.  
 
Aeby, G., Lovell, E. R., Richards, Z. T., Delbeek, J. T., Reboton, C., and D. Bass (2014), 




Alexander, M. A., Kilbourne, K. H., and J. A. Nye (2014), Climate variability during 
warm and cold phases of the Atlantic Multidecadal Oscillation (AMO) 1871-2008, 
Journal of Marine Systems, 133, 14-26, doi: 10.1016/jmarsys.2013.07.017. 
 
Alibert, C. and M. T. McCulloch, (1997), Strontium/calcium ratios in modern Porites 
corals from the Great Barrier Reef as a proxy for sea surface temperature: Calibration 
of the thermometer and monitoring of ENSO, Paleoceanography, 12(3), 345-363, 
doi:10.1029/97PA00318.  
 
Allison, N. and A. A. Finch (2007), High temporal resolution Mg/Ca and Ba/Ca in 
modern Porites lobata corals, Geochemistry, Geophysics, and Geosystems, 8(5), doi: 
10.1029/2006GC001477. 
 
Alory, G., Maes, C., Delcroix, T., Reul, N., and S. Illig (2012), Seasonal dynamics of Sea 
Surface Salinity off Panama: the Far Eastern Pacific Warm Pool, Journal of 
Geophysical Research, 117(C4), C04028, doi: 10.1029/2011JC007802.  
 
Amiel, A. J., Friedman, G. M., and D. S. Miller (1973), Distribution and nature of 
incorporation of trace elements in modern aragonitic corals, Sedimentology, 20(1), 
47-64, doi: 10.1111/j.1365-3091.1973.tb01606.x. 
Appeltans W., et al. (2012), The magnitude of Global Marine Species Diversity, Current 
Biology, 22(23), 2189-2202, doi: 10.1016/j.cub.2012.09.036.   
 
Asami, R., Yamada, T., Iryu, Y., Meyer, C. P., Quinn, T. M., and G. Paulay (2004), 
Carbon and oxygen isotopic composition of a Guam coral and their relationships to 
environmental variabiles in the western pacific, Paleogeography, Palaeoclimatology, 
Palaeoecology, 212, 1-22, doi: 10.1016/j.palaeo.2004.05.014.  
 
Ayling, B.F., McCulloch, M. T., Gagan, M. K., Stirling, C. H., Andersen, M. B., and S. 
G. Blake (2006), Sr/Ca and δ18O seasonality in a Porites coral from the MIS 9(339-
303 ka) interglacial, Earth and Planetary Science Letters, 248, 462-475, doi: 
10.1016/j.epsl.2006.06.009.   
 
	 	 133	
Bagnato, S., Linsley, B.K., Howe, S. S., Wellington, G. M., and J. Salinger (2004), 
Evaluating the use of the massive coral Diploastrea heliopora for paleoclimate 
reconstruction, Paleoceanography, 19(1), doi: 10.1029/2003PA000935.  
 
Barnes, R.D. (1987), Invertebrate Zoology, 5th ed., pp. 92-96, 127-134, 149-162, 
Harcourt Brace Jovanovich College Publishers, Fort Worth, Texas. 
 
Barnes and Hughes (1999), An Introduction to Marine Ecology, 3rd ed., pp. 117-141, 
Blackwell Science Ltd., Oxford, United Kingdom. 
 
Beck, J.W., Edwards, R.L., Ito, E., Taylor, F.W., Recy, J., Rougerie, F., Joannot, R., and 
C. Henin (1992), Sea-Surface Temperature from Coral Skeletal Strontium/Calcium 
Ratios, Science, 31(257), 644-647, doi: 10.1126/science.257.5070.644.  
 
Bell, P. R. F. (1992), Eutrophication and coral reefs-- some examples in the Great Barrier 
Reef lagoon, Water Research, 26(5), 553-568, doi: 10.1016/0043-1354(92)90228-V. 
Benway, H. M. and A. C. Mix (2004), Oxygen isotopes, upper-ocean salinity, and 
precipitation sources in the eastern tropical Pacific, Earth and Planetary Science 
Letters, 224(3-4), 493-507, doi: 10.1016/j.epsl.2004.05.014.  
 
Bevington, P.R., and D.K. Robinson (2013), Data Reduction and Error Analysis for the 
Physical Sciences, 3rd Edition, McGraw-Hill: New York, NY. Reference refers to 
supporting information 
 
Bishop, J. K. B. (1988), The barite-opal-organic carbon association in oceanic particulate 
matter, Nature, 332, 341-343, doi: 10.1038/332341a0. 
Bowen, H. J. M. (1956), Strontium and barium in sea water and marine organisms, 
Journal of the Marine Biological Association of the United Kingdom, 35, 451-460, 
doi: 10.1017/S0025315400010298. 
Braithwaite, C. J. R., Dalmasso, H., Gilmour, M A., Harkness, D. D., Henderson, G. M., 
Kay, R. L. F., Kroon, D., Montaggioni, L. F., and P. A., Wilson (2004), Great Barrier 
Reef: The Chronological Record from a New Borehole, Journal of Sedimentary 
Research, 74 (2), 298-310.   
 
Brenner, L. D., Linsley, B. K., Dunbar, R. B., and G. Wellington (2016), Coral δ18O 
evidence for Pacific Ocean mediated decadal variability in Panamanian ITCZ 
rainfall back to the early 1700s, Palaeogeography, Palaeoclimatology, 
Palaeoecology, 449, 385-396, doi: 10.1016/j.palaeo.2016.02.001. 
 
Brenner, L. D., Linsley, B. K. and D. C. Potts (2017), A Modern Sr/Ca-δ18O- Sea Surface 
Temperature calibration for Isopora corals on the Great Barrier Reef, 
Paleoceanography (in press).  
 
	 	 134	
Brienen, R. J. W., Helle, G., Pons, T. L., Guyot, J., and M. Gloor (2012), Oxygen 
isotopes in tree rings are a good proxy for Amazon precipitation and El Niño-
Southern Oscillation variability, Proceedings of the National Academy of Sciences, 
109(42), 16957-16962, doi: 10.1073/pnas.1205977109. 
 
Budd, A.F. and C. C. Wallace (2008). First record of the Indo-Pacific reef coral genus 
Isopora in the Caribbean region: Two new species from the Neogene of Curaçao, 
Netherlands Antilles, (2008), Paleontology, 51(6), 1387-1401, doi: 10.111/j.1475-
4983.2008.00820.x.  
 
Cai, W., Borlace, S., Lengaigne, M., van Rensch, P., Collins, M., Vecchi, G., 
Timmermann, A., Santoso, A., McPhaden, M. J., Wu, L., England, M. H., Wang, G., 
Guilyardi, E., and F. Jin (2014), Increasing frequency of extreme El Niño events due 
to greenhouse warming, Nature Climate Change, 4, 111-116, doi: 
10.1038/nclimate2100.  
 
Carriquiry, J. D. and G. Horta-Puga (2010), The Ba/Ca record of corals from the 
Southern Gulf of Mexico: Contributions from land-use changes, fluvial discharge and 
oil-drilling muds, Marine Pollution Bulletin, 60, 1625-1630, doi: 
10.1016/j.marpolbul.2010.06.007. 
 
Carroll, J., Falkner, K. K., Brown, E. T., and W. S. Moore (1993), The role of the ganges-
Brahmaputra mixing zone in supplying barium and 226Ra to the Bay of Bengal, 
Geochimica et Cosmochimica Acta, 57, 2981-2990, doi: 10.1016/0016-
7037(93)90287-7. 
 
Cobb, K. M., Westphal, N., Sayani, H. R., Watson, J. T., Di Lorenzo, E., Cheng, H., 
Edwards, R. L., and C. D. Charles (2013), Highly Variable El Niño-Southern 
Oscillation Throughout the Holocene. Science, 339(6115), 67-70, doi: 
10.1126/science.1228246. 
 
Cohen, A.L. and S. R. Hart (2004), Deglacial sea surface tmperatures of the western 
tropical Pacific: A new look at old coral, Paleoceanography, 19, PA4031, doi: 
10.1029/2004PA001084.  
 
Cole, J. E., Fairbanks, R. G., and G. T. Shen, G.T (1993), Recent Variability in the 
Southern Oscillation: Isotopic Results from a Tarawa Atoll Coral, Science, 
260(5115), 1790-173,  doi: 10.1126/science.260.5115.1790.  
 
Corrège, T. (2006), Sea surface temperature and salinity reconstruction from coral 
geochemical tracers, Palaeogeography, Palaeoclimatology, Palaeoecology, 232, 408-
428, doi: 10.1016/j.palaeo.2005.10.014.  
 
Corrège, T., Delcroix, T., Récy, J., Beck, W., Cabioch, G., and F. Le Cornec (2000), 
Evidence for strong El Niño-Southern Oscillation (ENSO) events in a mid-Holocene 
massive coral, Paleoceanography, 15, 465-470, doi: 10.1029/1999PA000409.  
	 	 135	
 
Cortés, J. (2007), Chapter 7: Coastal Morphology and Coral Reefs, in Central America: 
Geology, Resources, Hazards, edited by J. Bundschuh and G.E. Alvarado, CRC 
Press, Boca Raton, Florida. 
 
D’Arrigo, R. D., Villalba, R., and G. Wiles (2001), Tree-ring estimates of Pacific decadal 
climate variability, Climate Dynamics, 18(3-4), 219-224, doi: 
10.1007/s003820100177. 
 
D’Croz, L. and A. O’Dea (2007), Variability in upwelling along the pacific shelf of 
Panama and implications for the distribution of nutrients and chlorphyll, Estuarine, 
Coastal and Shelf Science, 73(1-2), doi: 10.1016/j.ecss.2007.01.013.  
 
D’Croz, L. and A. O’Dea (2009), Nutrient and Chlorophyll Dynamics in Pacific Central 
America (Panama), Proceedings of the Smithsonian Marine Science Symposium, 38, 
335-344.  
 
Dai, A. (2013), The influence of the inter-decadal Pacific oscillation on US precipitation 
during 1923-2010, Climate Dynamics, 41, 633-646, doi: 10.1007/s00382-012-1446-5. 
 
Dassié, E. P., Linsley, B. K., Corrège, T., Wu, H. C., Lemley, G. M., Howe, S., and G. 
Cabioch (2014), A Fiji multi-coral δ18O composite approach to obtaining a more 
accurate reconstruction of the last two-centuries of the ocean-climate variability in the 
South Pacific Convergence Zone region, Paleoceanography, 29(12), 1196-1213, doi: 
10.1002/ 2013PA002591.   
Davies, P. J. and F. M. Peerdeman (1998), The origin of the Great Barrier Reef: the 
impact of Leg 133 drilling, in Camoin, G. F. and Davies, P. J. (eds.), Reefs and 
Carbonate Platforms in the Pacific and Indian Oceans, Special Publication 
International Association of Sedimentology, 25, 23-28.  
 
de Villiers, S., Shen, G. T., and M. K. Nelson (1994), The Sr/Ca-temperature relationship 
in coralline aragonite: Influence of variability in (Sr/Ca)seawater and skeletal growth 
parameters, Geochimica et Cosmochimica Acta, 58, 197-208, 
doi:10.1126/science.269.5228.1247.   
 
Dehairs, F., Chesselet, R., and J. Jedwab (1980), Discrete suspended particles of barite 
and the barium cycle in the open ocean, Earth and Planetary Science Letters, 49, 
528-550, doi: 10.1016/0012-821X(80)90094-1. 
 
Delcroix, T., Alory, G., Cravatte, S., Corrège, T., and M. J. McPhaden (2011), A gridded 
sea surface salinity data set for the tropical Pacific with sample applications (1950-
2008), Deep-Sea Research I, 58(1), 38-48, doi: 10.1016/j.dsr.2010.11.002.  
DeLong, K. L., Quinn, T. M.. and F. W. Taylor (2007), Reconstructing twentieth-century 
sea surface temperature variability in the southwest Pacific: A replication study using 
	 	 136	
multiple coral Sr/Ca records from New Caledonia, Paleoceanography, 22, PA4212, 
doi: 10.1029/2007PA001444.  
 
DeLong, K. L., Quinn, T. M., and F. Taylor (2010), A snapshot of climate variabilitiy at 
Tahiti at 9.5 ka using a fossil coral from IODP Expedition 310, Geochemistry, 
Geophysics, Geosystems, 11, Q06005, doi: 10.1029/2009GC002758.  
 
Deser, C., Phillips, A. S., and J. W. Hurrell (2004), Pacific interdecadal climate 
variability: Linkages between the tropics and the North Pacific during boreal winter 
since 1900, Journal of Climate, 17, 3109-3124. 
 
Dietzel, M., Gussone, N., and A. Eisenhauer (2004), Co-precipitation of Sr2+ and Ba2+ 
with aragonite by membrane diffusion of CO2 between 10 and 50 °C, Chemical 
Geology, 203(1-2), 139-151, doi: 10.1016/j.chemgeo.2003.09.008. 
 
Dubois, N., Kindler, P., Spezzaferri, S., and S. Coric (2008), The initiation of the 
southern central Great Barrier Reef: new multiproxy data from Pleistocene distal 
sediments from the Marion Plateau (NE Australia), Marine Geology, 250(3-2), 223-
233.  
 
Duprey, N., Lazareth, C. E., Corrège, T., Le Cornec, F., Maes, C., Pujol, N., Madeng-
Yogo, M., Caquineau, S., Soares Derome, C., and G. Cabioch (2012), Early mid-
Holocene SST variability and surface-ocean water balance in the southwest Pacific, 
Paleoceanography, 27, PA4207, doi: 10.1029/2012PA002350.  
 
Duque-Caro, H. (1990), Neogene stratigraphy, paleoceanography and paleobiogeography 
in northwest Southern America and the evolution of the Panama Seaway, 
Palaeogeography, Palaeoclimatology, Palaeoecology, 77(3-4), 203-234, doi: 
10.1016/0031-0182(90)90178-A.  
 
Edmond, J. M., Boyle, E. A., Drummond, D., Grant, B., and T. Gislick (1978), 
Desorption of barium in the plume of the Zaire (Congo) River, Journal of Sea 
Research, 12, 324-328, doi: 10.1016/0077-7579(78)90034-0. 
 
Edmond, J. M., Spivack, A., Grant, B. C., Ming-Hui, H., Zexiam, C., Sung, C., and Z. 
Xiushau (1985), Chemical dynamics of the Changjian estuary, Continental Shelf 
Research, 4, 17-36, doi: 10.1016/0278-4343(85)90019-6. 
 
Elsinger, R. J. and W. S. Moore (1980), 226Ra behaviour in the Pee Dee River-Winyah 
Bay Estuary, Earth and Planetary Science Letters, 48, 239-249, doi: 10.1016/0012-
821X(80)90187-9. 
 
England, M. H., McGregor, S., Spence, P., Meehl, G. A., Timmerman, A., Cai, W., Sen 
Gupta, A., McPhaden, M. J., Purich, A., and A. Santoso (2014), Recent 
intensification of wind-driven circulation in the Pacific and the ongoing warming 
hiatus, Nature Climate Change, 4, 222-227, doi: 10.1038/nclimate2106.  
	 	 137	
Epstein, S., Buschsbaum, R., Lowenstam, H. A., and H. C. Urey (1953), Revised 
carbonate-water isotopic temperature scale, Geological Society of America Bulletin, 
64(11), 1315-1326, doi: 10.1130/0016-7606(1953)64[1315:RCITS]2.0.CO;2. 
Evans, J. D. (1996), Straightforward statistics for behavioral scientists, Brooks/Cole 
Publishing, Pacific Grove, California.  
Evans, M. N., Fairbanks, R. G., and J. L. Rubenstone (1998), A proxy index of ENSO 
teleconnections, Nature, 394, 732-733, doi: 10.1038/29424.  
Fairbanks, R. G., Evans, M. N., Rubenstone, J. L., Broad, K., Moore, M. D., and C. D. 
Charles, C.D (1997), Evaluating climate indices and their geochemical proxies 
measured in corals, Coral Reefs, 16, 93-100.  
Felis, T., Pätzold, J., Loya, Y., Fine, M., Nawar, A. H., and G. Wefer (2000), A coral 
oxygen record from the northern Red Sea documenting NAO, ENSO, and North 
Pacific teleconnections on Middle East climate variability since the year 1750, 
Paleoceanography, 15, 679-694, doi: 10.1029/1999PA000477.  
 
Felis, T., Lohmann, G., Kuhnert, H., Lorenz, S. J., Scholz, D., Pätzold, J., Al-Rosan, S. 
A., S. M. Al-Moghrabi (2004), Increased seasonality in Middle East temperature 
during the last interglacial period, Nature, 429, 164-168, doi: 10.1038/nature02546.  
 
Felis, T., Suzuki, A., Kuhnert, H., Dima, M., Lohmann, G., and H. Kawahata (2009), 
Subtropical corals reveals abrupt early-twentieth-century freshening the western 
North Pacific Ocean, Geology, 37(6), 527-530, doi: 10.1130/G25581A.1.  
 
Felis, T., McGregor, H. V., Linsley, B. K., Tudhope, A. W., Gagan, M. K., Suzuki, A., 
Inoue, M., Thomas, A. L. Esat, T. M., Thompson, W. G., Tiwari, M., Potts, D. C., 
Mudelsee, M., Yokoyama, Y., and J. M. Webster (2014), Intensification of the 
meridional temperature gradient in the Great Barrier Reef following the Last Glacial 
Maximum. Nature Communications, 5, 1-7, doi: 10.1038/ncomms5102.  
 
Folland, C. K., Renwick, J. A., Salinger, M. J., and A. B. Mullan (2002), Relative 
influences of the Interdecadal Pacific Oscillation and ENSO on the South Pacific 
Convergence Zone, Geophysical Research Letters, 29(13), 21-1-21-4, doi: 
10.1029/2001GL014201 
 
Froelich, P. N., Kaul, L. W., Byrd, H. T., Andreae, M. O., and K. K. Roe (1985), Arsenic, 
barium, germanium, tin, dimethylsulfide and nutrient biogeochemistry in Charlotte 
Harbour, Florida, a phosphorous-enriched estuary, Estuarine, Coastal, and Shelf 
Science, 20, 239-264, doi: 10.1016/0272-7714(85)90041-1. 
Fukunaga, K. (1970), Introduction to Statistical Pattern Recognition, Academic Press, 
New York, New York. 
Furnas, M. J. and A. W. Mitchell (2001), Runoff of terrestrial sediment and nutrients into 
	 	 138	
the Great Barrier Reef World Heritage Area, in Oceanographic processes of coral 
reefs, edited by E. Wolanski, CRC Press, London, England. 
Gaetani, G. A. and A. L. Cohen (2006), Element partitioning during precipitation of 
aragonite from seawater: A framework for understanding paleoproxies, Geochimica 
et Cosmochimica Acta, 70, 4617-4634, doi: 10.1016/j.gca.2006.07.008. 
Gagan, M.K., Chivas, A. R., and P. J. Isdale (1994), High-resolution isotopic records 
from corals using ocean temperature and mass-spawning chronometers, Earth and 
Planetary Science Letters, 121, 549-558, doi: 10.1016/0012-821X(94)90090-6.  
 
Gagan, M.K., Ayliffe, L. K., Hopley, D., Cali, J. A., Mortimer, G. E., Chappell, J., 
McCulloch, M. T., and M. J. Head (1998), Temperature and surface-ocean water 
balance of the mid-Holocene tropical western Pacific, Science, 279, 1014-1018, doi: 
10.1126/science.279.5353.1014.   
 
Gagan, M. K., Dunbar, R. B., and A. Suzuki (2012), The effect of skeletal mass 
accumulation in Porites on coral Sr/Ca and δ18O paleothermometry, 
Paleoceanography, 27, PA 1203, doi: 10.1029/2011PA002215.  
 
Ganeshram, R. S., François, R., Commeau, J., and S. L. Brown-Leger (2003), An 
experimental investigation of barite formation in seawater, Geochimica et 
Cosmochimica Acta, 67, 2599-2605, doi: 10.1016/S0016-7037(03)00164-9. 
Gloor, M., Brienen, R. J. W., Galbraith, D., Feldpausch, T. R., Schöngart, J., Guyot, J. L., 
Espinoza, J. C., Lloyd, J., and O. L. Phillips (2013), Intensification of the Amazon 
hydrological cycle over the last two decades, Geophysical Research Letters, 40(9), 
1729-1733, doi: 10.1002/grl.50377.  
Glover, R. M. and R. M. Owen (1978), An evaluation of methods used to determine trace 
element partitioning in coral, Canadian Journal of Spectroscopy, 23, 27-30.  
Glynn, P.W. (1977), Coral growth in upwelling and nonupwelling areas off the Pacific 
coast of Panama, Journal of Marine Research, 35, 567-585.  
Glynn, P.W. (1983), Extensive “bleaching’ and death of reef corals on the Pacific coast 
of Panama, Environmental Conservation, 10(2), 149-154, doi: 
10.1017/S0376892900012248. 
 
Graham, N. (1994), Decadal-scale climate variability in the 1970s and 1980s: 
observations and model results, Climate Dynamics, 10(3), 135-162, doi: 
10.1007/BF00210626.  
 
Gray, S. T., Graumlich, L. J., Betancourt, J .L, and G. T. Pederson (2006), A tree-ring 
based reconstruction of the Atlantic Multidecadal Oscillation since 1567 AD, 
Geophysical Research Letters, 31, L12205, doi: 10.1029/2004GL019932. 
 
	 	 139	
Grottoli, A. G., Mathews, K. A., Palardy, J. E., and W. F. McDonough (2013), High 
resolution coral Cd measurements using LA-ICP-MS and ID-ICP-MS: Calibration 
and interpretation, Chemical Geology, 356, 151-159. 
Hanor, J.A. and L. -H. Chan (1977), Non-conservative behavior of barium during mixing 
of Mississippi River and Gulf of Mexico waters, Earth and Planetary Science Letters, 
37, 242-250, doi: 10.1016/0012-821X(77)90169-8. 
 
Hart, S. R. and A. L. Cohen (1996), An ion probe study of annual cycles of Sr/Ca and 
other trace elements in coral, Geochimica et Cosmochimica, 60(116), 3075-3084.  
Harriss, R. C. and C. C. Almy Jr. (1964), A preliminary investigation into the 
incorporation and distribution of minor elements in the skeletal material of 
Scleractinian corals, Bulletin of Marine Science, 14, 418-422. 
 
Hidrometeorología de la Empresa de Transmisión (accessed 2016), Hidrometeorología de 
la Empresa de Transmisión, Eléctrica, S.A. 
Hoegh-Guldberg, O., Cai, R., Brewer, P. G., Fabry, V. J., Hilmi, K., Jung, S., 
Poloczanska, E., Bell, J., Brown, C. J., Burrows, M. T., Cao, L., Donner, S., Eakin, C. 
M., Eide, A., Halpern, B., McClain, C. R., McKinnell, S., O’Connor, M., Parmesan, 
C., Perry, R. I., Richardson, A. J., Schoeman, D., Signorini, S., Skirving, W., Stone, 
D., Sydeman, W., Zhang, R., and R. Hooidonk (2014), Chapter 30. The ocean, in 
Climate Change 2014: Impacts, Adaptations, and Vulnerability. Contribution of 
Working Group II to the Fifth Assessment Report of the Intergovernmental Panel on 
Climate Change, 138. 
 
Horel, J. D. (1982), On the Annual Cycle of the Tropical Pacific Atmosphere and Ocean, 
Monthly Weather Review, 110, 1863-1878.  
 
Horta-Puga, G. and J. D. Carriquiry (2012), Coral Ba/Ca molar ratios as a proxy of 
precipitation in the northern Yucatan Peninsula, Mexico, Applied Geochemistry, 27, 
1579-1586.  
 
Howell, P., Pisias, N., Ballance, K., Baughman, J., Ochs, L., 2006. ARAND Time-Series 
Analysis Software. Brown University, Providence RI.  
 
Hulme, M. (1992), A 1951-80 global land precipitation climatology for the evaluation of 
general circulation models, Climate Dynamics, 7(2), 57-72, doi: 
10.1007/BF00209609.  
 
Hulme, M. (1994), Validation of large-scale precipitation fields in General Circulation 
Models in, Global precipitation and climate change, edited by Desbois, M. and F. 
Desalmand, pp. 387-406, NATO ASI Series, Springer-Verlag, Berlin, Germany. 
 
	 	 140	
Hunter, C. L. and C. W. Evans (1995), Coral reefs in Kaneohe Bay, Hawaii: Two 
centuries of western influence and two decades of data, Bulletin of Marine Science, 
57(2), 501-515 . 
 
International Consortium for great Barrier Reef Drilling (2001), New constraints on the 
origin of the Australian Great Barrier Reef: results from an international project of 
deep coring, Geology, 29(6), 483-486, doi: 10.1130/0091-
7613(2001)029<0483:NCOTOO>2.0.CO;2. 
 
Jell, J.S., and P. G. Flood (1978), Guide to the geology of reefs of the Capricorn and 
Bunker Groups, Great Barrier Reef Province, with special reference to Heron Reef, 
University of Queensland Press: Brisbane. 
 
Jokiel, P. L., Hunter, C. L., Taguchi, S., and L. Watarai (1993), Ecological impact of a 
fresh-water "reef kill" in Kaneohe Bay, Oahu, Hawaii, Coral Reefs, 12, 177-184, doi: 
10.1007/BF00334477. 
 
Kang, I. -S. and H. –H. No (2014). ENSO Amplitude Modulation Associated with the 
Mean SST Changes in the Tropical Central pacific Induced by Atlantic Multidecadal 
Oscillation, Journal of Climate, 27(20), 7911-7920, doi: 10.1175/JCLI-D-14-00018.1. 
 
Kaplan, A., Cane, M. C., Kushnir, Y., Clement, A., Blumenthal, M., and B. Rajagopalan 
(1998), Analyses of global sea surface temperature 1856-1991, Journal of 
Geophysical Research, 103(18), 18567-18589, doi: 10.1029/97JC01736. 
 
Kiladis, G. N. and H. F. Diaz (1989), Global climatic anomalies associated with extremes 
in Southern Oscillations, Journal of Climate, 2, 1069-1090. 
 
Koutavas, A. and J. P. Sachs (2008), Northern timing of deglaciation in the eastern 
equatorial Pacific from alkenone paleothermometry, Paleoceanography, 23(4), PA 
4205, doi: 10.1029/2008PA001593.  
 
Kumar, A., Yang, F., Goddard, L., and S. Schubert (2003), Differing Trends in the 
Tropical Surface Temperatures and Precipitation over Land and Oceans, Journal of 
Climate, 17(3), 653-664, doi: 10.1175/15200442(2004)017<0653:DTITTS>2.0.CO;2.  
 
Lachniet, M. S., Patterson, W. P., Burns, S., Asmerom, Y., and V. Polyak (2007), 
Caribbean and Pacific moisture sources on the Isthmus of Panama revealed from 
stalagmite and surface water δ18O gradients, Geophysical Research Letters, 34, 
L01708, doi: 10.1029/2006GL028469. 
 
Lachniet, M. S. (2009), Sea surface temperature control on the stable isotopic 




Lalli, C. M. and T. R. Parsons (1995), Biological Oceanography: An Introduction, pp. 
220-233, Butterworth-Heinemann Ltd., Oxford, United Kingdom. 
 
Latif, M., and T. P. Barnett (1994), Causes of Decadal Climate Variability over the North 
Pacific and North America, Science, 266(5185), 634-637, doi: 
10.1126/science.266.5185.634.  
 
LaVigne, M., Matthews, K. A., Grottoli, A. G., Cobb, K. M., Anagnostou, E., Cabioch, 
G., and R. M. Sherrell (2010), Coral skeleton P/Ca proxy for seawater phosphate: 
Multi-colony calibration with a contemporaneous seawater phosphate record, 
Geochimica et Cosmochimica Acta, 74, 1282-1293. 
 
LaVigne, M., Grottoli, A. G., Palardy, J. E., and R. M. Sherrell (2016), Multi-colony 
calibrations of coral Ba/Ca with a contemporaneous in situ seawater barium record, 
Geochimica et Cosmochimica Acta, 79, 203-216, doi: 10.1016/j.gca.2015.12.083. 
 
Lawrence, K. T. and T. D. Herbert (2005), Late Quaternary sea-surface temperatures in 
the western Coral Sea: Implications for th growth of the Australian Great Barrier 
Reef, Geology, 33 (8), 677-680, doi: 10.1130/G21595AR.1.  
 
Lea, D. W. and E. A. Boyle (1989), Barium content of benthic foraminifera controlled by 
bottom-water composition, Nature, 338, 751-753, doi: 10.1038/338751a0. 
Lea, D. W. and E. A. Boyle (1991), Barium in planktonic foraminifera, Geochimica et 
Cosmochimica Acta, 55, 3321-3331, doi: 10.1016/0016-7037(19)90491-M. 
Lea, D. W., Mashiotta, T. A., and H. J. Spero (1999), Controls on magnesium and 
strontium uptake in planktonic foraminifera determined by live culturing, 
Geochimica et Cosmochimica Acta, 63, 2369-2379, doi: 10.1016/s0016-
7037(99)00197-0. 
Lea, D. W., Pak, D. K., and H. J. Spero (2000), Climate impact of late Quaternary 
equatorial Pacific sea surface temperature variations, Science, 289, 1719-1724, doi: 
10.1126/science.289.5485.1719.  
 
Lemley, G. M. (2012), Assessing δ18O in the coral genus Isopora for reconstructing 
IndoPacific regional and seasonal climate variability. M.S. Thesis, University, Albany 
(State University of New York, 77 p.). 
 
Levinton, J. S. (1995), Marine Biology: Function, Biodiversity, Ecology, pp. 306-319, 
Oxford University Press, New York, New York. 
 
Li, Y-H, and L. -H. Chan (1979), Desorption of Ba and 226Ra from river-borne sediments 




Linsley, B. K., Dunbar, R. B., Wellington, G. M., and D. A. Mucciarone (1994), A coral-
based reconstruction of Intertropical Convergence Zone variability over Central 
America since 1707, Journal of Geophysical Research, 99(C5), 9977-9994, doi: 
10.1029/94JC00360.  
 
Linsley, B. K., Kaplan, A., Gouriou, Y., Salinger, J., deMenocal, P. B., Wellington, G. 
M., and S. S. Howe (2006), Tracking the extent of the South Pacific Convergence 
Zone since the early 1600s, Geochemistry, Geophysics, Geosystems, 7(4), Q05003, 
doi: 10.1029/2005GC001115.  
 
Linsley, B.K., Messier, R.G., and R.B. Dunbar (1999), Assessing between-colony oxygen 
isotope variability in the coral Porites lobata at Clipperton Atoll, Coral Reefs, 18(1), 
13-27, doi: 10.1007/s003380050148.  
 
Linsley, B. K., Rosenthal, Y., and D. W. Oppo (2010), Holocene evolution of the 
Indonesian throughflow and the western Pacific warm pool, Nature Geoscience, 3, 
578-583, doi: 10.1038/NGEO920.  
 
Linsley, B.K., Wellington, G. M., and D. P. Schrag (2000), Decadal sea surface 
temperature variability in the subtropical South Pacific from 1726-1997 A.D., 
Science, 290, 1145-1148, doi: 10.1126/science.290.5494.1145.  
 
Locarnini, R. A., Mishonov, A. V., Antonov, J. I., Boyer, T. P., Garcia, H. E., Baranova, 
O. K., Zweng, M. M., and D. R. Johnson (2010), World Ocean Atlas 2009, Volume 1: 
Temperature, S. Levitus, Ed., NOAA Atlas NESDIS 68, U.S. Government Printing 
Office, Washington, D.C., 184 pp.  
 
Lough, J (2007), Climate and climate change on the Great Barrier Reef, in Climate 
change and the Great Barrier Reef: A vulnerability assessment, eds. J. E. Johnson 
and P. A. Marshall, Great Barrier Reef Marine Park Authority and Australian 
Greenhouse Office, Townsville, 15-50.  
 
Lough, J., Gupta, A. S., and A. J. Hobday (2012), Temperature in A marine climate 
change impacts and adaptation report card for Australia 2012, ed. E. S. Poloczanska, 
et al., CSIRO, Canberra, 1-26.  
 
Mantua, N. J., Hare, S. R., Zhang, Y., Wallace, J. M., and R. C. Francis (1997), A Pacific 
Interdecadal Climate Oscillation with Impacts on Salmon Production, Bulletin of the 
American Meteorological Society, 78(6), 1069-1079, doi: 10.1175/1520-
0477(1997)078<1069:APICOW>2.0.CO;2. 
 
Mantua, N. J., and S. R. Hare (2002), The Pacific Decadal Oscillation, Journal of 
Oceanography, 58(1), 35-44, doi: 10.1023/A:1015820616384. 
 
	 	 143	
Marshall, J. S. (2007), Chapter 3: The Geomorphology and Physiographic Provinces of 
Central America, in Central America: Geology, Resources, Hazards, edited by 
Bundschuh, J. and G.E. Alvarado, CRC Press, Boca Raton, Florida. 
 
Marshall, J.F., and M. T. McCulloch (2002), An assessment of the Sr/Ca ratio in shallow 
water hermatypic corals as a proxy for sea surface temperature, Geochimica et 
Cosmochimica Acta, 66, 3263-3280, doi: 10.1016/S0016-7037(02)00926-2.  
 
Masson, V., Vimeux, F., Jouzel, J., Morgan, V., Delmotte, M., Ciais, P., Hammer, C., 
Johnsen, S., Lipenkov, V. Y., Mosley-Thompson, E., Petif, J. –R., P., Steig, E. J., 
Stievenard, M., and R. Vaikmae (2000), Holocene Climate Variability in Antarctica 
Based on 11 Ice-Core Isotopic Records, Quaternary Research, 54(3), 348-358, doi: 
10.1006/qres.2000.2172. 
 
Maté, J. L. (2003), Corals and coral reefs of the Pacific coast of Panamá, in Latin 
American Coral Reefs, edited by J. Cortés, Elsevier Science, Amsterdam, 
Netherlands. 
 
Matthews, K. A., Grottoli, A. G., McDonough, W. F., and J. E. Palardy (2008), 
Upwelling, species, and depth effects on coral skeletal cadmium-to-calcium ratios 
(Cd/Ca), Geochimica et Cosmochimica, 72, 4537-4550. 
 
McConnaughey, T. A. (1989a) 13C and 18O isotopic disequilibrium in biological 
carbonates: I. Patterns. Geochim Cosmochim Acta 53:151-162 [doi: 10.1016/0016-
7037(89)90282-2]. 
 
McConnaughey, T. A. (1989b), 13C and 18O isotopic disequilibrium in biological 
carbonates: II. In vitro simulation of kinetic isotope effects, Geochimica et 
Cosmochimica Acta, 53, 163-171, doi: 10.1016/0016-7037(89)90283-4. 
 
McCulloch, M., Mortimer, G., Esat, T., Xianhua, L., Pillans, B., and J. Chappell (1996), 
High resolution windows into early Holocene climate: Sr/Ca coral records from the 
Huon Peninsula, Earth and Planetary Science Letters, 138 (1-4), 169-178, doi: 
10.1016/0012-821X(95)00230-A.  
 
Mestas-Nuñez, A. M., Enfield, D. B., and D. Zhang (2007), Water Vapor Fluxes over the 
Intra-Americas Sea: Seasonal and Interannual Variability and Associations with 
Rainfall, Journal of Climate, 20(9), 1910-1922, doi: 10.1175/JCLI4096.1. 
 
Milliman, J. D., Farnsworth, K. L., and C. S. Albertin (1999), Flux and fate of fluvial 
sediments leaving large islands in the East Indies, Journal of Sea Research, 41(1-2), 
91-107, doi: 10.1016/S1385-1101(98)00040-9. 
 
Milliman, J. D. and R. H. Meade (1983), World-wide delivery of river sediment to the 
oceans, Journal of Geology, 91(1), 1-21, doi: 10.1086/628741. 
 
	 	 144	
Mitsuguchi, T., Matsumoto, E., Abe, O., Uchida, T., and P. J. Isdale (1996), Mg/Ca 
thermometry in coral skeletons, Science, 274, 961-963, 
doi:10.1126/science.274.5289.961.  
 
Moyer, R. P., Grottoli, A. G., and J. W. Olesik (2012), A multiproxy record of terrestrial 
inputs to the coastal ocean using minor and trace elements (Ba/Ca, Mn/Ca, Y/Ca) and 
carbon isotopes (δ13C, Δ14C) in a nearshore coral from Puerto Rico, 
Paleoceanography, 27, PA3205, doi:10.1029/2011PA002249. 
 
Nash, J. E. and J. V. Sutcliffe (2004), River flow forecasting through conceptual models 
part I: a discussion of principles, Journal of Hydrology (Amst), 10, 282-290, doi: 
10.1016/0022-1694(70)90255-6. 
 
Newman, M., Alexander, M. A., Ault, T. R., Cobb, K. M., Deser, C., Di Lorenzo, E., 
Mantua, N. J., Miller, A. J., Minobe, S., Nakamura, H., Schneider, N., Vimont, D. J., 
Phillips, A. S., Scott, J. D., and C. A. Smith (2015), The Pacific decadal oscillation, 
revisited, Journal of Climate, 29, 4399-4427, doi: 10.1175/JCLI-D-15-0508.1. 
 
Nigam, S., Barlow, M., and E. Berbery (1999), Analysis links Pacific decadal variability 
to drought and streamflow in the United States, EOS, 80(51), 621-622, 625.  
 
Nishida, K., Iguchi, A., Ishimura, T., Sakai, K., and A. Suzuki (2014), Skeletal isotopic 
responses of the Scleractinian coral Isopora palifera to experimentally controlled 
water temperatures, Geochemical Journal, 48, e9-e14, doi: 10.2343/geochemj.2.0317.  
 
Nittrouer, C. A., Brunskill, G. J., Aller, R. C., Alongi, D. M., Bird, M. I., Burrage, D., 
Chappell, J., DeMaster, D. J., Eagle, A. M., Furnas, M., Lawrence, D., Milliman, J. 
D., Ridd, P., Robertson, A. I., Sternberg, R. W., Szymczak, R., Waite, T. D., 
Wolanski, E., Woolfe, K. J., and L. D. Wright (1994), The gateway for terrestrial 
materical entering the ocean, Eos, 75, 191-192, doi:10.1029/94EO008. 
 
Pahnke, K. and J. P. Sachs (2006), Sea surface temperatures of southern midlatitudes 0-
160 kyr B.P., Paleoceanography, 21, PA2003, doi: 10.1029/2005PA001191. 
 
Peerdeman, F. M., Davies, P. J. and A. R. Chivas in Proceedings of the Ocean Drilling 
Program, Scientific Results Vol. 133 (eds McKenzie, J.A., Davies, P. J., and A. 
Palmer-Julson) 163-173 (Ocean Drilling Program, 1993).  
 
Philander, S.G. (1990) El Niño, La Niña, and the Southern Oscillation, Academic Press, 
San Diego, California. 
 
Poveda, G., Waylen, P. R., and R. S. Pulwarty (2006), Annual and inter-annual 
variability of the present climate in northern South America and southern 




Potts, D.C. (1984), Natural Selection in Experimental Populations of Reef-Building 
Corals (Scleractinia), Evolution, 38(5), 1059-1078, doi: 10.2307/2408440. 
 
Potts, D.C., and P.K. Swart (1984), Water Temperature as an Indicator of Environmental 
Variability on a Coral Reef, Limnology and Oceanography, 29(3), 504-516, doi: 10 
4319/lo.1984.29.3.0504. 
 
Power, S. T., Casey, C., Folland, A., Colman, A., and V. Mehta (1999), Interdecadal 
modulation of the impact of ENSO on Australia, Climate Dynamics, 15, 319-324. 
 
Prange, M., Steph, S., Schulz, M., and L. D. Keigwin (2010), Inferring moisture transport 
across Central America: Can modern analogs of climate variability help reconcile 
paleosalinity records?, Quaternary Science Reviews, 29(11-12), 1317-1321, doi: 
10.1016/j.quascirev.2010.02.029. 
 
Pretet, C., Reynaud, S., Ferrier-Pagés, C., Gattuso, J. -P., Kamber, B. S., and E. 
Samankassou (2014), Effect of salinity on the skeletal chemistry of cultured 
scleractinian zooxanthellate corals: Cd/Ca ratio as a potential proxy for salinity 
reconstruction, Coral Reefs, 33, 169-180, doi: 10.1007/s00338-013-1098-x. 
 
Prouty, N. G., Field, M. E., Stock, D. S., Jupiter, S. D., and M. McCulloch (2010), Coral 
Ba/Ca records of sediment input to the fringing reef of the southshore of Moloka'i 
Hawai'i over the last several decades, Marine Pollution Bulletin, 60(10), 1822-1835 
doi: 10.1016/j.marpolbul.2010.05.024. 
 
Quinn, T.M., Crowley, T. J., and F. W. Taylor (1996), New stable isotope results from a 
173-year coral from Espiritu Santo, Vanuatu, Geophysical Research Letters, 23, 
3413-3416, doi: 10.1029/96GL03169.  
 
Quinn, T.M., Crowley, T. J., and F. W. Taylor, C. Henin, P. Joannot, and Y. Join (1998), 
A multicentury stable isotope record from a New Caledonia coral: Interannual and 
decadal sea surface temperature variability in the southwest pacific since 1657 A.D., 
Paleoceanography, 13, 412-426, doi: 10.1029/98PA00401.  
 
Quinn, W. H. and V. T. Neal (1992), The historical record of El Niño events, in Climate 
since A.D. 1500, edited by Bradley R. S. and P. D. Jones, Routledge, New York, New 
York. 
Quinn, T.M. and D. E. Sampson (2002), A multiproxy approach to reconstructing sea 
surface conditions using coral skeleton geochemistry, Paleoceanography, 17(4), 
1062, doi: 10.1029/2000PA000528.  
 
Reisinger, A., Kitching, R., Chiew, F., Hughes, L., Newton, P., Schuster, S., Tait, A., 
Whetton, P., Barnett, J., Becken, S., Blackett, P., Boulter, S., Campbell, A., Collins, 
D., Davies, J., Dear, K., Dovers, S., Finlay, K., Glavovic, B., Green, D., Gunasekera, 
D., Hales, S., Handmer, J., Harmsworth, G., Hobday, A., Howden, M., Hugo, G., 
Jones, D., Jackson, J., King, D., Kirschbaum, M. Luck, J., McDonald, J., McInnes, 
	 	 146	
K., Maru, Y., Mustelin, J., Norman, B., Pearce, G., Peoples, S., Preston, B., Reser, J., 
Reyenga, P., Stafford-Smith, M., Wang, X., and L. Webb, Chapter 25. Australia, in 
Climate Change 2014: Impacts, Adaptation, and Vulnerability. Contribution of 
Working Group II to the Fifth Assessment Report of the Intergovernmental Panel on 
Climate Change, ed. B. Fitzharris and D. Karoly, 1-101.  
 
Reynolds, R.W. and T. M. Smith (1994), Improved global sea surface temperature 
analysis, Journal of Climate, 7(6), 929-948. Reference refers to supporting 
information 
 
Reynolds, R.W., Rayner, N.A., Smith, T.M., Stokes, D.C., and W. Wang (2002), An 
Improved In Situ and Satellite SST Analysis for Climate, Journal of Climate, 15, 
1609-1625. Reference refers to supporting information 
 
Rhein, M., Rintoul, S. R., Aoki, S., Campos, E., Chambers, D., Feely, R., Gulev, S., 
Johnson, G., Josey, S., Kostianoy, A., Mauritzen, C., Roemmich, D., Talley, L., and 
L. Wang (2013), Chapter 3, Observations: Ocean in Climate Change 2013: The 
physical science basis. Contribution of Working Group I to the Fifth Assessment 
Report of the Intergovernmental Panel on Climate Change, ed. T. F. Stocker, D. Qin, 
G. K. Plattner, M. Tignor, s. K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex, and P 
M. MIdgley, Cambridge University Press, UK, 255-315.  
 
Richards, Z. T., Delbeek, J. T., Lovell, E. R., Bass, D., Aeby, G, and C. Reboton (2014), 




Rogers, C. S. (1990), Response of coral reefs and reef organisms to sedimentation, 
Marine  Ecology Progress Series, 62, 185-202. 
Ropelewski, C. F. and M. S. Halpert (1987), Global and regional scale precipitation 
associated with El Niño Southern oscillation, Monthly Weather Review, 115, 1606-
1626. 
 
Ropelewski, C. F. and M. S. Halpert (1989), Precipitaiton patterns associated with the 
high-index phase of the Southern Oscillation, Journal of Climate, 2, 268-284. 
 
Sadler, J., Webb, G. E., Nothdruft, L. D., and B. Dechnik (2014), Geochemistry-base 
coral paleoclimate studies and the potential of ‘non-traditional’ (non-massive Porites) 
corals: Recent developments and future progression, Earth-Science Reviews, 139, 
291-316, doi: 10.1016/j.earscirev.2014.10.002. 
 
Sadler, J., Nguyen, A. D., Leonard, N. D., Webb, G. E., and L. D. Nothdurft (2016), 
Acropora interbranch skeleton Sr/Ca ratios: Evaluation of a potential new high-




Sadler, J., Webb, G. E., Leonard, N. D., Nothdruft, L. D., and T. C. Clark (2016), Reef 
core insights into mid-Holocene water temperatures of the southern Great Barrier 
Reef, Paleoceanography, 31(10), 1395-1408, doi: 10.1002/2016PA002943.  
 
Saenger, C., Cohen, A. L., Oppo, D. W., and D. Hubbard (2008), Interpreting sea surface 
temperature from strontium/calcium ratios in Montastrea corals: Link with growth 
rate and implications for proxy reconstructions, Paleoceanography, 23(3), PA3102, 
doi: 10.1029/2007PA001572.  
 
Schaefli, B. and H. V. Gupta (2007), Do Nash values have value?, Hydrological 
Processes, 21, 2075-2080, doi: 10.1002/hyp.6825. 
 
Salmond, J., Loder, J., Passenger, J., Phinn, S., Roelfsema, C., and C. Rempel (2013), 
Reef Check Australia 2013 Heron Island Reef Health Report, Reef Check Foundation 
Ltd.  
 
Schneider, T., Bischoff, T., and G. H. Haug (2014), Migrations and dynamics of the 
intertropical convergence zone, Nature, 513(7516), 45-53, doi:10.1038/nature13636. 
 
Schrag, D.P., (1999), Rapid analysis of high-precision Sr/Ca ratios in corals and other 
marine carbonates, Paleoceanography, 14(2), 97-102, doi: 10.1029/1998PA900025.  
 
Shen, G. T. and E. A. Boyle (1988), Determination of lead, cadmium and other trace 
metals in annually-banded corals, Chemical Geology, 67, 47-62, doi: 10.1016/0009-
2541(88)90005-8. 
Shen, C.-C., Lee, T., Chen, C. –Y., Wang, C. –H., Dai, C. –F., and L. –A. Li (1996), The 
calibration of D[Sr/Ca] versus sea-surface temperature relationship for Porites corals, 
Geochimica et Cosmochimica Acta, 60, 38-49-3858, doi: 10.1016/0016-
7037(96)00205-0.  
 
Shen, G.T. and R. B. Dunbar (1995), Environmental controls on uranium in reef corals, 
Geochimica et Cosmchimica Acta, 59(10), 2009-2024, doi: 10.1016/0016-
7037(95)00123-9.  
 
Shen, G. T. and C. L. Sanford (1990), Trace element indicators of climate variability in 
reef-building corals, Elsevier Oceanography Series: Global Ecological 
Consequences of the 1982-83 El Niño-Southern Oscillation, 52, 255-283, doi: 
10.1016/S0422-9894(08)70038-2. 
Sinclair, D. J., Kinsley, L. P. J., and M. T. McCulloch (1998), High resolution analysis of 
trace leemnts in corals by laser ablation ICP-MS, Geochimica et Cosmochimica Acta 
63, 1003-1012, doi: 10.1016/S0016-7037(98)00112-4. 
Sinclair, D. J. and M. T. McCulloch (2004), Corals record low mobile barium 
concentrations in the Burdekin River during the 1974 flood: evidence for limited Ba 
supply to rivers?, Palaeogeography, Palaeoclimatology, Palaeoecology, 214, 155–
	 	 148	
174, doi: 10.1016/j.palaeo.2004.07.028. 
 
Smith, T.M., Reynolds, R. W., Peterson, T. C., and J. Lawrimore (2008), Improvements 
to NOAAs Historical Merged Land-Ocean Surface Temperature Analysis (1880-
2006), Journal of Climate, 21, 2283-2296. 
 
Soden, B. J. and I. M. Held (2006), An Assessment of Climate Feedbacks in Coupled 
Ocean-Atmosphere Models, Journal of Climate, 19(14), 3354-3360, doi: 
10.1175/JCLI3799.1.  
 
Stanford, J. D., Rohling, E. J., Hunter, S. E., Roberts, A. P., Rasmussen, S. O., Bard, E., 
McManus, J., and R. G. Fairbanks (2006), Timing of meltwater pulse 1a and climate 
responses to meltwater injections, Paleoceanography, 21(4), PA4103, doi: 
10.1029.2006PA001340.  
 
Steinman, B. A., Mann, M. E., and S. Miller (2015), Atlantic and Pacific multidecadale 
oscillations and Northern Hemisphere temperatures, Science, 347(6225), 988-991, 
doi: 10.1126/science.1259435. 
 
Stephans, C.L., Quinn, T. M., Taylor, F. W., and T. Corrège (2004), Assessing the 
reproducibility of coral-based climate records, Geophysical Research Letters, 31, 
L18210, doi: 10.1029/2004GL020343.  
 
Stott, L., Cannariato, K., Thunell, R., Haug, G. H., Koutavas, A., and S. Lund (2004), 
Decline of surface temperature and salinity in the western tropical Pacific Ocean in 
the Holocene epoch, Nature, 431(7004), 56-59.  
 
Stott, L., Timmerman, A., and R. Thunell (2007), Southern Hemisphere and Deep-Sea 
Warming Led Deglacial Atmospheric CO2 Rise and Tropical Warming, Science, 318 
(5849), 435-438, doi: 10.1126/science.1143791.  
 
Sumich, J. L. (1996), An Introduction to the Biology of Marine Life, 6th ed., pp. 255-269, 
William C. Brown, Dubuque, Indiana. 
 
Suzuki, A.L., Yukino, I., and H. Kawahata (1999), Temperature-skeletal δ18O 
relationship of Porites australiensis from Ishigaki Island, the Ryukyus, Japan, 
Geochemical Journal, 33, 419-428, doi: 10.2343/geochemj.33.419.  
 
Tachikawa, K., Vidal, L., Sonzogni, C., and E. Bard (2009), Glacial/interglacial sea 
surface temperature changes in the Southwest Pacific ocean over the past 360 ka, 
Quaternary Science Reviews, 28 (13-14), 1160-1170, doi: 
10.1016/j.quascirev.2008.12.013.  
 
Trenberth, K. E. and J. T. Fasullo (2013), An apparent hiatus in global warming?, Earth’s 
Future, 1(1), 19-32, doi: 10.1002/2013EF000165. 
 
	 	 149	
Troup, B. N. and O. P. Bricker (1979), Processes affecting the transport of materials from 
continents to oceans, in Marine chemistry in the coastal environment, edited by T. M. 
Church, American Chemical Society, doi: 10.1021/bk-1975-0018. 
 
Urban, F. E., Cole, J. E., and J. T. Overpeck (2000), Influence of mean climate change on 
climate variability from a 1550 year tropical Pacific coral record, Letters to Nature, 
407, 989-993, doi: 10.1038/35039597. 
 
Valiela, I., Camilli, L., Stone, T., Giblin, A., Crusius, J., Fox, S., Barth-Jensen, C., 
Monteiro, R. O., Tucker, J., Martinetto, P., and C. Harris (2012), Increased rainfall 
remarkably freshens estuarine an coastal waters on the Pacific coast of Panama: 
Magnitude and likely effects on upwelling and nutrient supply, Global and Planetary 
Change, 92-93, 130-137, doi: 10.1016/j.gloplacha.2012.05.006. 
 
van Hooidonk, R., Maynard, J. A., and S. Planes (2013), Temporary refugia for coral 
reefs in a warming world, Nature Climate Change, 3(4), 508-511, doi: 
10.1038/nclimate1829. 
 
Vautard, R. and M. Ghil (1989), Singular spectrum analysis in nonlinear dynamics with 
applications to paleoclimatic time series, Physica D: Nonlinear Phenomena, 35, 395-
424.  
 
Vautard, R., Yiou, R., and M. Ghil (1992), Singular-spectrum analysis: A toolkit for 
short, noisy, chaotic signals, Physica D: Nonlinear Phenomena, 58, 95-126.  
 
Veron, J. E. N. and T. J. Done (1979), Corals and coral communities of Lord Howe 
Island, Australian Journal of Marine and Freshwater Research, 30(2), 203-236, doi: 
10.1071/MF9790203.  
 
Veron, J. E. N. (2000), Corals of the World, Vol. 1-3, edited by M. Stafford-Smith, 1382 
p., Australian Institute of Marine Science, Townsville, Queensland, Australia. 
 
Villalba, R., D’Arrigo, R., Cook, E., Jacoby, G., and G. Wiles (2001), Decadal-scale 
climate variability along the extratropical western coast of the Americas: evidence 
from tree-ring records, in Interhemispheric climate linkages, edited by V. Markgraf, 
Academic Press, San Diego, California.  
 
Waelbroeck, C., Labeyrie, L., Michel, E., Duplessy, J. C., McManus, J. F., Lambeck, K., 
Balbon, E. and M. Labracherie (2002), Sea-level and deep water temperature changes 
derived from benthic foraminifera isotopic records, Quaternary Science Reviews, 21 
(1-3), 295-305, doi: 10.1016/S0277-3791(01)00101-9.  
 
Wallace, C.C. (1999), Staghorn Corals of the World: a revision of the coral genus 
Acropora (Scleractinia; Astroceniina; Acroporidae) worldwide, with emphasis on 
morphology, phylogeny and biogeography, CSIRO Publishing, Melbourne.  
 
	 	 150	
Wallace, C.C., Chen, C. A., Fukami, H., and P. R. Muir (2007), Recognition of separate 
genera within Acropora based on new morphological, reproductive and genetic 
evidence from Acropora togianensis, and elevation of the subgenus Isopora Studer, 
1878 to genus (Scleractinia: Astroceniidae; Acroporidae). Coral Reefs, 26(2), 231-
239 doi: 10.1007/s00338-007-0203-4. 
 
Weber, J.N. (1973), Incorporation of strontium into reef coral skeletal carbonate, 
Geochimica et Cosmochimica Acta, 37(9), 2173-2190, doi: 10.1016/0016-
7037(73)900015-X.  
 
Webster, J. M. and P. J. Davies (2003), Coral variation in two deep drill cores: significant 
for the Pleistocene development of the Great Barrier Reef, Sedimentary Geology, 
159(1-2), 61-80, doi: 10.1016/S0037-0738(03)00095-2. 
 
Wellington, G. M. and P. W. Glynn (1983), Environmental Influences on Skeletal 
Banding in Eastern pacific (Panama) Corals, Coral Reefs, 1(4), 215-222, doi: 
10.1007/BF00304418.  
 
Wellington, G. M., Dunbar, R. B., and G. Merlen (1996), Calibration of stable oxygen 
isotope signatures in Galápagos corals, Paleoceanography, 11(4), 467-480, doi: 
10.1029/96PA01023. 
 
Wilkinson, C. R. (1999), Global and local threats to coral reef functioning and existence: 
review and predictions, Marine and Freshwater Research, 50(8), 867-878, doi: 
10.1071/MF99121. 
 
Williams, P. W., King, D. N. T., Zhao, J. –X., and K. D. Collerson (2004), Speleothem 
master chronologies: Combined Holocene 18O and 13C records form the North 
Island of New Zealand and their paleoenvironmental interpretation, Holocene, 14(2), 
194-208.  
 
Woodruff, S.D., Lubker, S. J., Wolter, K., Worley, S. J., and J. D. Elms (1993), 
Comprehensive Ocean-Atmosphere Data Set (COADS) Release 1a: 1980-1992, 
NOAA Earth System Monitor, 4(1), 1-8. Reference refers to supporting information 
 
Woolfe, K. J. and P. Larcombe (1999), Terrigenous sedimentation and coral reef growth: 
a conceptual framework, Marine Geology, 155(3-4), 331-345, doi: 10.1016/S0025-
3227(98)00131-5. 
 
Wu, H.C., Linsley, B. K., Dassié, E. P., Schiraldi, B., and P. B. deMenocal (2013), 
Oceanographic variability in the South Pacific Convergence Zone region over the last 
210 years from multi-site coral Sr/Ca records, Geochemistry, Geophysics, 
Geosystems, 14(5), 1435-1453, doi: 10.1029/2012GC004293.  
 
	 	 151	
Xue, Y., Smith, T. M., and R. W. Reynolds (2003), Interdecadal changes of 30-Yr SST 
normals during 1871-2000, Journal of Climate, 16, 1601-1612. Reference refers to 
supporting information 
 
Xie, P. and P. A. Arkin (1996), Analyses of Global Monthly Precipitation Using Gauge 
Observations, Satellite Estimates, and Numerical Model Predictions, Journal of 
Climate, 9, 840 -858. 
 
Xie, P. and P. A. Arkin (1997), Global Precipitation: A 17-Year Monthly Analysis Based 
on Gauge Observations, Satellite Estimates and Numerical Model Outputs, Bulletin of 
the American Meteorological Society, 78, 2539-2558. 
 
Yu, K. F., Zhao, J. –X., Wei, G. –J., Cheng, X. –R., Chen, T. –G., Felis, T., Wang, P. –
X., and T. –S. Liu (2005), δ18O, Sr/Ca and Mg/Ca records of Porites lutea corals from 
Leizhou Peninsula, northern South China Sea, and their applicability as paleoclimatic 
indicators, Paleogeography, Paleoclimatology, Palaeoecology, 218, 57-73, doi: 
10.1016/j.palaeo.2004.12.003.  
 
Zaucker, F. and W. S. Broecker (1992), The influence of atmospheric moisture transport 
on the fresh water balance of the Atlantic drainage basin: General circulation model 
simulations and observations, Journal of Geophysical Research: Atmosphere, 97(D3), 
2765-2773, doi: 10.1029/91JD01699.  
 
Zhang, Y., Wallace, J. M., and D. S. Battisti (1997), ENSO-like interdecadal variability: 
1900-93, Journal of Climate, 10(5), 1004-1020, doi: 10.1175/1520-
0442(1997)010<1004:ELIV>2.0.CO;2. 
 
Zhong, S. and A. Mucci (1989), Calcite and aragonite precipitation from seawater 
solutions of various salinities: Precipitation rates and overgrowth compositions, 








Appendix A: Supplementary Material and Data for Chapter 2, Coral δ18O evidence for 




Table S1. Complete time series for coral S1. Interpolated to 12 points per year. See 











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix B: Supplementary Material and Data for Chapter 3, Examining the utility of 
coral Ba/Ca as a proxy for river discharge and hydroclimate variability at Coiba Island, 





















Figure S1.  The IC4A-2 δ18O time series from 1920-1996. The purpose of creating the 
raw coral δ18O was to develop an age model to be applied to the coral Ba/Ca record. Prior 
to this study there was already a clear understanding that coral δ18O responded to 










































1	 16.417	 1996.583	 6.100	
2	 16.536	 1996.464	 5.513	
3	 16.655	 1996.345	 5.077	
4	 16.774	 1996.226	 4.762	
5	 16.893	 1996.107	 7.121	
6	 17.012	 1995.988	 5.707	
7	 17.131	 1995.869	 5.743	
8	 17.250	 1995.750	 6.425	
9	 17.500	 1995.500	 5.978	
10	 17.750	 1995.250	 5.539	
11	 18.000	 1995.000	 5.154	
13	 18.333	 1994.667	 5.852	
14	 18.417	 1994.583	 5.339	
15	 18.500	 1994.500	 4.766	
16	 18.583	 1994.417	 4.684	
19	 18.833	 1994.167	 4.202	
20	 18.917	 1994.083	 4.894	
21	 19.000	 1994.000	 4.954	
22	 19.083	 1993.917	 5.625	
23	 19.167	 1993.833	 5.828	
24	 19.250	 1993.750	 5.635	
25	 19.327	 1993.673	 5.353	
27	 19.481	 1993.519	 5.633	
28	 19.558	 1993.442	 5.505	
29	 19.635	 1993.365	 5.789	
30	 19.712	 1993.288	 4.776	
31	 19.788	 1993.212	 4.192	
32	 19.865	 1993.135	 4.181	
33	 19.942	 1993.058	 4.290	
34	 20.019	 1992.981	 4.259	
35	 20.096	 1992.904	 5.069	
36	 20.173	 1992.827	 5.245	
37	 20.250	 1992.750	 5.654	
38	 20.327	 1992.673	 5.556	
39	 20.404	 1992.596	 5.333	
40	 20.481	 1992.519	 6.394	
41	 20.558	 1992.442	 5.252	
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42	 20.635	 1992.365	 5.087	
43	 20.712	 1992.288	 5.229	
44	 20.788	 1992.212	 5.252	
45	 20.865	 1992.135	 5.137	
46	 20.942	 1992.058	 4.687	
47	 21.019	 1991.981	 4.401	
48	 21.096	 1991.904	 5.004	
49	 21.173	 1991.827	 4.938	
50	 21.250	 1991.750	 5.162	
51	 21.300	 1991.700	 5.070	
52	 21.350	 1991.650	 5.074	
53	 21.400	 1991.600	 6.206	
55	 21.500	 1991.500	 4.971	
56	 21.550	 1991.450	 4.802	
57	 21.600	 1991.400	 4.877	
58	 21.650	 1991.350	 4.614	
59	 21.700	 1991.300	 4.654	
60	 21.750	 1991.250	 4.383	
61	 21.800	 1991.200	 4.495	
62	 21.850	 1991.150	 4.608	
64	 21.950	 1991.050	 4.571	
66	 22.050	 1990.950	 4.898	
67	 22.100	 1990.900	 5.060	
69	 22.200	 1990.800	 5.152	
70	 22.250	 1990.750	 5.284	
71	 22.317	 1990.683	 5.209	
72	 22.383	 1990.617	 5.103	
73	 22.450	 1990.550	 5.279	
74	 22.517	 1990.483	 5.260	
75	 22.583	 1990.417	 4.745	
76	 22.650	 1990.350	 5.131	
77	 22.717	 1990.283	 5.067	
78	 22.783	 1990.217	 5.228	
79	 22.850	 1990.150	 6.319	
80	 22.917	 1990.083	 5.095	
82	 23.050	 1989.950	 5.832	
83	 23.117	 1989.883	 6.206	
86	 23.306	 1989.694	 5.583	
87	 23.361	 1989.639	 5.853	
88	 23.417	 1989.583	 5.683	
89	 23.472	 1989.528	 5.286	
	 	 233	
90	 23.528	 1989.472	 5.588	
92	 23.639	 1989.361	 5.036	
93	 23.694	 1989.306	 5.323	
95	 23.806	 1989.194	 5.242	
96	 23.861	 1989.139	 4.569	
97	 23.917	 1989.083	 4.906	
98	 23.972	 1989.028	 5.410	
99	 24.028	 1988.972	 5.411	
100	 24.083	 1988.917	 6.167	
101	 24.139	 1988.861	 6.045	
102	 24.194	 1988.806	 5.936	
103	 24.250	 1988.750	 5.890	
104	 24.317	 1988.683	 5.754	
107	 24.517	 1988.483	 6.461	
109	 24.650	 1988.350	 5.627	
111	 24.783	 1988.217	 4.998	
112	 24.850	 1988.150	 4.598	
115	 25.050	 1987.950	 4.759	
116	 25.117	 1987.883	 5.034	
117	 25.183	 1987.817	 5.669	
118	 25.250	 1987.750	 5.694	
119	 25.306	 1987.694	 5.999	
120	 25.361	 1987.639	 5.272	
121	 25.417	 1987.583	 5.734	
122	 25.472	 1987.528	 5.707	
123	 25.528	 1987.472	 5.524	
124	 25.583	 1987.417	 5.424	
125	 25.639	 1987.361	 5.185	
126	 25.694	 1987.306	 4.984	
127	 25.750	 1987.250	 4.961	
128	 25.806	 1987.194	 4.926	
129	 25.861	 1987.139	 4.877	
130	 25.917	 1987.083	 4.581	
131	 25.972	 1987.028	 4.433	
132	 26.028	 1986.972	 4.348	
133	 26.083	 1986.917	 4.378	
134	 26.139	 1986.861	 4.943	
135	 26.194	 1986.806	 5.731	
137	 26.313	 1986.688	 5.484	
138	 26.375	 1986.625	 5.442	
140	 26.500	 1986.500	 4.896	
	 	 234	
141	 26.563	 1986.438	 4.524	
142	 26.625	 1986.375	 4.620	
143	 26.688	 1986.313	 4.835	
145	 26.813	 1986.188	 4.608	
146	 26.875	 1986.125	 5.161	
147	 26.938	 1986.063	 4.563	
148	 27.000	 1986.000	 4.790	
149	 27.063	 1985.938	 5.102	
150	 27.125	 1985.875	 5.757	
151	 27.188	 1985.813	 5.738	
152	 27.250	 1985.750	 5.853	
153	 27.309	 1985.691	 5.407	
154	 27.368	 1985.632	 5.288	
155	 27.426	 1985.574	 5.377	
156	 27.485	 1985.515	 6.187	
157	 27.544	 1985.456	 5.699	
158	 27.603	 1985.397	 5.361	
159	 27.662	 1985.338	 5.062	
160	 27.721	 1985.279	 6.132	
161	 27.779	 1985.221	 4.954	
162	 27.838	 1985.162	 4.522	
163	 27.897	 1985.103	 4.688	
164	 27.956	 1985.044	 4.879	
165	 28.015	 1984.985	 4.861	
166	 28.074	 1984.926	 5.239	
167	 28.132	 1984.868	 5.680	
168	 28.191	 1984.809	 6.905	
169	 28.250	 1984.750	 5.811	
170	 28.300	 1984.700	 6.211	
171	 28.350	 1984.650	 5.539	
172	 28.400	 1984.600	 5.913	
173	 28.450	 1984.550	 5.343	
174	 28.500	 1984.500	 5.638	
175	 28.550	 1984.450	 5.758	
176	 28.600	 1984.400	 5.622	
177	 28.650	 1984.350	 5.486	
178	 28.700	 1984.300	 5.101	
179	 28.750	 1984.250	 4.992	
180	 28.800	 1984.200	 4.848	
181	 28.850	 1984.150	 4.811	
182	 28.900	 1984.100	 4.571	
	 	 235	
183	 28.950	 1984.050	 4.786	
184	 29.000	 1984.000	 5.139	
185	 29.050	 1983.950	 5.352	
186	 29.100	 1983.900	 6.240	
187	 29.150	 1983.850	 7.123	
188	 29.200	 1983.800	 7.686	
189	 29.250	 1983.750	 6.740	
190	 29.306	 1983.694	 6.520	
191	 29.361	 1983.639	 6.162	
192	 29.417	 1983.583	 5.866	
193	 29.472	 1983.528	 5.653	
194	 29.528	 1983.472	 5.419	
195	 29.583	 1983.417	 5.059	
196	 29.639	 1983.361	 4.889	
197	 29.694	 1983.306	 4.825	
198	 29.750	 1983.250	 5.402	
199	 29.806	 1983.194	 4.663	
200	 29.861	 1983.139	 4.696	
201	 29.917	 1983.083	 4.894	
202	 29.972	 1983.028	 4.949	
204	 30.083	 1982.917	 5.619	
205	 30.139	 1982.861	 5.854	
206	 30.194	 1982.806	 5.965	
207	 30.250	 1982.750	 5.738	
208	 30.327	 1982.673	 5.379	
209	 30.404	 1982.596	 5.391	
210	 30.481	 1982.519	 5.177	
211	 30.558	 1982.442	 5.734	
212	 30.635	 1982.365	 5.367	
213	 30.712	 1982.288	 4.951	
214	 30.788	 1982.212	 4.934	
215	 30.865	 1982.135	 4.800	
216	 30.942	 1982.058	 4.741	
217	 31.019	 1981.981	 4.872	
218	 31.096	 1981.904	 5.291	
219	 31.173	 1981.827	 5.295	
220	 31.250	 1981.750	 6.029	
221	 31.333	 1981.667	 6.148	
222	 31.417	 1981.583	 5.600	
224	 31.583	 1981.417	 5.007	
225	 31.667	 1981.333	 4.797	
	 	 236	
226	 31.750	 1981.250	 4.928	
227	 31.833	 1981.167	 4.733	
228	 31.917	 1981.083	 4.712	
229	 32.000	 1981.000	 5.078	
230	 32.083	 1980.917	 5.304	
231	 32.167	 1980.833	 6.090	
232	 32.250	 1980.750	 6.272	
233	 32.317	 1980.683	 5.857	
234	 32.383	 1980.617	 5.765	
235	 32.450	 1980.550	 5.629	
236	 32.517	 1980.483	 5.616	
237	 32.583	 1980.417	 5.226	
238	 32.650	 1980.350	 5.224	
239	 32.717	 1980.283	 5.196	
240	 32.783	 1980.217	 5.176	
241	 32.850	 1980.150	 5.230	
242	 32.917	 1980.083	 4.758	
243	 32.983	 1980.017	 4.777	
244	 33.050	 1979.950	 5.872	
245	 33.117	 1979.883	 5.302	
246	 33.183	 1979.817	 6.078	
248	 33.313	 1979.688	 6.135	
249	 33.375	 1979.625	 5.523	
250	 33.438	 1979.563	 6.860	
251	 33.500	 1979.500	 6.081	
252	 33.563	 1979.438	 5.121	
253	 33.625	 1979.375	 5.585	
254	 33.688	 1979.313	 5.482	
255	 33.750	 1979.250	 5.603	
256	 33.813	 1979.188	 4.888	
257	 33.875	 1979.125	 4.732	
258	 33.938	 1979.063	 4.644	
259	 34.000	 1979.000	 4.841	
260	 34.063	 1978.938	 5.084	
261	 34.125	 1978.875	 5.856	
262	 34.188	 1978.813	 6.543	
263	 34.250	 1978.750	 6.478	
264	 34.317	 1978.683	 6.168	
265	 34.383	 1978.617	 5.812	
266	 34.450	 1978.550	 5.438	
267	 34.517	 1978.483	 5.579	
	 	 237	
268	 34.583	 1978.417	 5.276	
269	 34.650	 1978.350	 5.145	
270	 34.717	 1978.283	 5.113	
271	 34.783	 1978.217	 5.654	
272	 34.850	 1978.150	 4.766	
273	 34.917	 1978.083	 5.022	
274	 34.983	 1978.017	 5.094	
275	 35.050	 1977.950	 5.466	
276	 35.117	 1977.883	 5.654	
277	 35.183	 1977.817	 5.727	
278	 35.250	 1977.750	 5.700	
279	 35.333	 1977.667	 5.301	
280	 35.417	 1977.583	 5.211	
281	 35.500	 1977.500	 4.956	
282	 35.583	 1977.417	 4.767	
283	 35.667	 1977.333	 4.822	
284	 35.750	 1977.250	 4.750	
285	 35.833	 1977.167	 4.515	
286	 35.917	 1977.083	 4.608	
287	 36.000	 1977.000	 4.738	
288	 36.083	 1976.917	 5.437	
289	 36.167	 1976.833	 6.267	
290	 36.250	 1976.750	 6.729	
291	 36.333	 1976.667	 6.663	
292	 36.417	 1976.583	 6.369	
293	 36.500	 1976.500	 5.348	
294	 36.583	 1976.417	 5.146	
295	 36.667	 1976.333	 4.944	
296	 36.750	 1976.250	 5.291	
297	 36.833	 1976.167	 4.948	
298	 36.917	 1976.083	 4.582	
299	 37.000	 1976.000	 4.879	
300	 37.083	 1975.917	 5.124	
301	 37.167	 1975.833	 5.822	
302	 37.250	 1975.750	 6.451	
303	 37.313	 1975.688	 6.197	
304	 37.375	 1975.625	 5.652	
305	 37.438	 1975.563	 5.740	
306	 37.500	 1975.500	 5.224	
307	 37.563	 1975.438	 5.013	
308	 37.625	 1975.375	 5.014	
	 	 238	
309	 37.688	 1975.313	 4.756	
310	 37.750	 1975.250	 4.647	
311	 37.813	 1975.188	 4.642	
312	 37.875	 1975.125	 4.846	
313	 37.938	 1975.063	 4.903	
314	 38.000	 1975.000	 4.799	
315	 38.063	 1974.938	 4.779	
316	 38.125	 1974.875	 5.350	
317	 38.188	 1974.813	 6.074	
318	 38.250	 1974.750	 6.270	
319	 38.313	 1974.688	 6.344	
320	 38.375	 1974.625	 5.664	
321	 38.438	 1974.563	 5.525	
322	 38.500	 1974.500	 4.825	
323	 38.563	 1974.438	 5.089	
324	 38.625	 1974.375	 4.933	
325	 38.688	 1974.313	 4.470	
326	 38.750	 1974.250	 4.681	
327	 38.813	 1974.188	 5.129	
328	 38.875	 1974.125	 5.913	
329	 38.938	 1974.063	 6.885	
332	 39.125	 1973.875	 7.269	
333	 39.188	 1973.813	 6.373	
335	 39.333	 1973.667	 5.660	
336	 39.417	 1973.583	 5.668	
337	 39.500	 1973.500	 5.834	
338	 39.583	 1973.417	 5.204	
339	 39.667	 1973.333	 4.881	
341	 39.833	 1973.167	 4.640	
342	 39.917	 1973.083	 4.208	
343	 40.000	 1973.000	 4.326	
344	 40.083	 1972.917	 4.782	
346	 40.250	 1972.750	 5.491	
347	 40.309	 1972.691	 5.526	
348	 40.368	 1972.632	 5.133	
349	 40.426	 1972.574	 5.098	
350	 40.485	 1972.515	 5.033	
351	 40.544	 1972.456	 4.937	
352	 40.603	 1972.397	 4.762	
353	 40.662	 1972.338	 4.577	
354	 40.721	 1972.279	 4.788	
	 	 239	
355	 40.779	 1972.221	 4.669	
356	 40.838	 1972.162	 5.029	
357	 40.897	 1972.103	 5.949	
358	 40.956	 1972.044	 6.105	
359	 41.015	 1971.985	 6.237	
360	 41.074	 1971.926	 6.154	
361	 41.132	 1971.868	 5.839	
362	 41.191	 1971.809	 5.925	
363	 41.250	 1971.750	 5.256	
364	 41.361	 1971.639	 4.904	
365	 41.472	 1971.528	 5.010	
366	 41.583	 1971.417	 4.979	
367	 41.694	 1971.306	 5.264	
368	 41.806	 1971.194	 5.596	
369	 41.917	 1971.083	 5.874	
370	 42.028	 1970.972	 6.061	
371	 42.139	 1970.861	 5.924	
372	 42.250	 1970.750	 5.921	
373	 42.327	 1970.673	 5.961	
374	 42.404	 1970.596	 5.609	
375	 42.481	 1970.519	 5.331	
376	 42.558	 1970.442	 5.214	
377	 42.635	 1970.365	 4.945	
379	 42.788	 1970.212	 4.898	
380	 42.865	 1970.135	 4.540	
381	 42.942	 1970.058	 4.485	
382	 43.019	 1969.981	 5.090	
383	 43.096	 1969.904	 5.274	
384	 43.173	 1969.827	 5.718	
385	 43.250	 1969.750	 6.080	
386	 43.327	 1969.673	 6.027	
387	 43.404	 1969.596	 5.441	
388	 43.481	 1969.519	 5.452	
389	 43.558	 1969.442	 5.381	
390	 43.635	 1969.365	 4.773	
391	 43.712	 1969.288	 4.440	
392	 43.788	 1969.212	 4.594	
393	 43.865	 1969.135	 4.723	
394	 43.942	 1969.058	 4.688	
395	 44.019	 1968.981	 5.002	
396	 44.096	 1968.904	 5.520	
	 	 240	
397	 44.173	 1968.827	 5.967	
399	 44.350	 1968.650	 5.430	
400	 44.450	 1968.550	 4.842	
401	 44.550	 1968.450	 4.908	
402	 44.650	 1968.350	 4.901	
403	 44.750	 1968.250	 4.577	
404	 44.850	 1968.150	 4.633	
405	 44.950	 1968.050	 4.499	
406	 45.050	 1967.950	 4.922	
407	 45.150	 1967.850	 5.673	
408	 45.250	 1967.750	 5.622	
409	 45.321	 1967.679	 5.774	
410	 45.393	 1967.607	 5.532	
411	 45.464	 1967.536	 5.275	
412	 45.536	 1967.464	 5.072	
413	 45.607	 1967.393	 4.976	
414	 45.679	 1967.321	 5.057	
415	 45.750	 1967.250	 4.987	
416	 45.821	 1967.179	 4.961	
417	 45.893	 1967.107	 4.496	
419	 46.036	 1966.964	 4.930	
420	 46.107	 1966.893	 4.941	
421	 46.179	 1966.821	 4.997	
422	 46.250	 1966.750	 5.129	
423	 46.321	 1966.679	 5.439	
424	 46.393	 1966.607	 5.462	
426	 46.536	 1966.464	 5.407	
427	 46.607	 1966.393	 5.044	
429	 46.750	 1966.250	 4.462	
430	 46.821	 1966.179	 4.260	
431	 46.893	 1966.107	 4.379	
432	 46.964	 1966.036	 4.357	
433	 47.036	 1965.964	 4.714	
434	 47.107	 1965.893	 4.762	
435	 47.179	 1965.821	 4.872	
436	 47.250	 1965.750	 5.222	
437	 47.327	 1965.673	 5.546	
438	 47.404	 1965.596	 5.575	
439	 47.481	 1965.519	 5.181	
440	 47.558	 1965.442	 4.822	
441	 47.635	 1965.365	 4.861	
	 	 241	
442	 47.712	 1965.288	 4.883	
444	 47.865	 1965.135	 4.557	
445	 47.942	 1965.058	 4.465	
446	 48.019	 1964.981	 4.558	
447	 48.096	 1964.904	 4.667	
448	 48.173	 1964.827	 4.916	
449	 48.250	 1964.750	 5.548	
450	 48.321	 1964.679	 5.755	
451	 48.393	 1964.607	 5.895	
452	 48.464	 1964.536	 5.644	
453	 48.536	 1964.464	 5.515	
454	 48.607	 1964.393	 5.263	
455	 48.679	 1964.321	 4.925	
456	 48.750	 1964.250	 4.694	
457	 48.821	 1964.179	 4.440	
458	 48.893	 1964.107	 5.432	
459	 48.964	 1964.036	 4.486	
460	 49.036	 1963.964	 4.451	
461	 49.107	 1963.893	 4.755	
462	 49.179	 1963.821	 5.385	
463	 49.250	 1963.750	 5.651	
464	 49.317	 1963.683	 5.537	
465	 49.383	 1963.617	 5.325	
466	 49.450	 1963.550	 6.020	
467	 49.517	 1963.483	 5.024	
468	 49.583	 1963.417	 4.857	
469	 49.650	 1963.350	 4.869	
470	 49.717	 1963.283	 4.778	
471	 49.783	 1963.217	 4.748	
472	 49.850	 1963.150	 4.969	
473	 49.917	 1963.083	 5.110	
474	 49.983	 1963.017	 4.973	
476	 50.117	 1962.883	 5.397	
477	 50.183	 1962.817	 5.920	
478	 50.250	 1962.750	 5.992	
479	 50.313	 1962.688	 5.558	
480	 50.375	 1962.625	 5.481	
481	 50.438	 1962.563	 5.309	
482	 50.500	 1962.500	 5.486	
483	 50.563	 1962.438	 5.851	
484	 50.625	 1962.375	 5.140	
	 	 242	
485	 50.688	 1962.313	 4.808	
486	 50.750	 1962.250	 4.695	
487	 50.813	 1962.188	 4.553	
488	 50.875	 1962.125	 4.523	
489	 50.938	 1962.063	 4.469	
490	 51.000	 1962.000	 4.515	
491	 51.063	 1961.938	 4.581	
492	 51.125	 1961.875	 4.912	
493	 51.188	 1961.813	 5.345	
494	 51.250	 1961.750	 5.657	
495	 51.306	 1961.694	 5.486	
497	 51.417	 1961.583	 5.271	
498	 51.472	 1961.528	 5.324	
499	 51.528	 1961.472	 5.050	
500	 51.583	 1961.417	 4.961	
501	 51.639	 1961.361	 5.290	
502	 51.694	 1961.306	 5.625	
503	 51.750	 1961.250	 5.102	
504	 51.806	 1961.194	 4.942	
505	 51.861	 1961.139	 4.997	
506	 51.917	 1961.083	 4.924	
507	 51.972	 1961.028	 4.627	
509	 52.083	 1960.917	 5.447	
510	 52.139	 1960.861	 5.660	
511	 52.194	 1960.806	 5.660	
513	 52.341	 1960.659	 6.039	
514	 52.432	 1960.568	 5.765	
515	 52.523	 1960.477	 5.678	
516	 52.614	 1960.386	 5.431	
517	 52.705	 1960.295	 5.077	
518	 52.795	 1960.205	 4.962	
519	 52.886	 1960.114	 5.221	
520	 52.977	 1960.023	 5.011	
521	 53.068	 1959.932	 4.844	
522	 53.159	 1959.841	 5.092	
523	 53.250	 1959.750	 5.393	
524	 53.327	 1959.673	 4.971	
525	 53.404	 1959.596	 5.138	
526	 53.481	 1959.519	 5.204	
527	 53.558	 1959.442	 5.188	
528	 53.635	 1959.365	 5.041	
	 	 243	
529	 53.712	 1959.288	 4.756	
531	 53.865	 1959.135	 4.401	
532	 53.942	 1959.058	 4.251	
533	 54.019	 1958.981	 4.559	
534	 54.096	 1958.904	 5.110	
535	 54.173	 1958.827	 5.220	
536	 54.250	 1958.750	 5.102	
537	 54.333	 1958.667	 4.989	
538	 54.417	 1958.583	 4.766	
539	 54.500	 1958.500	 4.788	
540	 54.583	 1958.417	 4.358	
542	 54.750	 1958.250	 4.615	
543	 54.833	 1958.167	 4.833	
544	 54.917	 1958.083	 5.089	
545	 55.000	 1958.000	 4.845	
546	 55.083	 1957.917	 4.577	
547	 55.167	 1957.833	 4.398	
548	 55.250	 1957.750	 4.523	
549	 55.361	 1957.639	 4.501	
550	 55.472	 1957.528	 4.575	
551	 55.583	 1957.417	 4.493	
552	 55.694	 1957.306	 4.380	
553	 55.806	 1957.194	 4.551	
554	 55.917	 1957.083	 4.729	
555	 56.028	 1956.972	 4.741	
556	 56.139	 1956.861	 4.948	
557	 56.250	 1956.750	 5.011	
558	 56.321	 1956.679	 4.731	
559	 56.393	 1956.607	 4.543	
560	 56.464	 1956.536	 4.468	
561	 56.536	 1956.464	 4.415	
562	 56.607	 1956.393	 4.416	
563	 56.679	 1956.321	 4.459	
564	 56.750	 1956.250	 4.499	
565	 56.821	 1956.179	 4.424	
566	 56.893	 1956.107	 4.402	
568	 57.036	 1955.964	 4.420	
569	 57.107	 1955.893	 4.289	
570	 57.179	 1955.821	 4.404	
572	 57.321	 1955.679	 5.948	
573	 57.393	 1955.607	 5.624	
	 	 244	
574	 57.464	 1955.536	 4.153	
575	 57.536	 1955.464	 5.306	
576	 57.607	 1955.393	 4.914	
577	 57.679	 1955.321	 4.807	
578	 57.750	 1955.250	 4.793	
579	 57.821	 1955.179	 5.076	
581	 57.964	 1955.036	 5.733	
582	 58.036	 1954.964	 5.994	
583	 58.107	 1954.893	 6.079	
584	 58.179	 1954.821	 5.808	
585	 58.250	 1954.750	 5.720	
586	 58.350	 1954.650	 5.647	
588	 58.550	 1954.450	 4.979	
590	 58.750	 1954.250	 4.654	
591	 58.850	 1954.150	 4.751	
596	 59.333	 1953.667	 5.395	
597	 59.417	 1953.583	 5.119	
598	 59.500	 1953.500	 5.291	
599	 59.583	 1953.417	 5.733	
600	 59.667	 1953.333	 5.163	
601	 59.750	 1953.250	 4.732	
602	 59.833	 1953.167	 4.681	
604	 60.000	 1953.000	 5.029	
606	 60.167	 1952.833	 5.414	
607	 60.250	 1952.750	 5.696	
608	 60.341	 1952.659	 5.779	
610	 60.523	 1952.477	 5.459	
611	 60.614	 1952.386	 4.310	
612	 60.705	 1952.295	 4.628	
613	 60.795	 1952.205	 4.409	
615	 60.977	 1952.023	 4.376	
616	 61.068	 1951.932	 4.492	
617	 61.159	 1951.841	 5.189	
618	 61.250	 1951.750	 5.561	
619	 61.321	 1951.679	 5.521	
620	 61.393	 1951.607	 4.153	
621	 61.464	 1951.536	 4.153	
622	 61.536	 1951.464	 4.699	
623	 61.607	 1951.393	 5.312	
624	 61.679	 1951.321	 4.705	
625	 61.750	 1951.250	 4.730	
	 	 245	
626	 61.821	 1951.179	 4.516	
627	 61.893	 1951.107	 4.893	
628	 61.964	 1951.036	 5.059	
629	 62.036	 1950.964	 5.635	
631	 62.179	 1950.821	 5.504	
632	 62.250	 1950.750	 5.791	
633	 62.327	 1950.673	 5.311	
634	 62.404	 1950.596	 5.661	
635	 62.481	 1950.519	 5.603	
636	 62.558	 1950.442	 4.961	
637	 62.635	 1950.365	 4.596	
638	 62.712	 1950.288	 4.422	
639	 62.788	 1950.212	 4.682	
640	 62.865	 1950.135	 5.507	
641	 62.942	 1950.058	 5.087	
643	 63.096	 1949.904	 6.004	
644	 63.173	 1949.827	 5.697	
645	 63.250	 1949.750	 5.708	
646	 63.333	 1949.667	 5.401	
647	 63.417	 1949.583	 5.522	
648	 63.500	 1949.500	 5.311	
649	 63.583	 1949.417	 5.177	
650	 63.667	 1949.333	 4.791	
651	 63.750	 1949.250	 4.584	
652	 63.833	 1949.167	 4.650	
653	 63.917	 1949.083	 4.694	
654	 64.000	 1949.000	 4.700	
655	 64.083	 1948.917	 5.299	
657	 64.250	 1948.750	 5.561	
659	 64.375	 1948.625	 5.265	
660	 64.438	 1948.563	 5.230	
661	 64.500	 1948.500	 5.044	
662	 64.563	 1948.438	 5.142	
663	 64.625	 1948.375	 4.861	
664	 64.688	 1948.313	 4.901	
665	 64.750	 1948.250	 5.053	
666	 64.813	 1948.188	 4.899	
667	 64.875	 1948.125	 4.843	
668	 64.938	 1948.063	 4.820	
669	 65.000	 1948.000	 4.746	
670	 65.063	 1947.938	 4.614	
	 	 246	
671	 65.125	 1947.875	 4.943	
672	 65.188	 1947.813	 5.308	
673	 65.250	 1947.750	 5.819	
674	 65.306	 1947.694	 6.000	
675	 65.361	 1947.639	 5.706	
676	 65.417	 1947.583	 5.247	
677	 65.472	 1947.528	 5.164	
678	 65.528	 1947.472	 5.343	
679	 65.583	 1947.417	 5.478	
680	 65.639	 1947.361	 5.178	
682	 65.750	 1947.250	 4.530	
683	 65.806	 1947.194	 4.855	
684	 65.861	 1947.139	 4.770	
685	 65.917	 1947.083	 4.445	
686	 65.972	 1947.028	 4.442	
687	 66.028	 1946.972	 4.966	
688	 66.083	 1946.917	 5.436	
689	 66.139	 1946.861	 5.654	
690	 66.194	 1946.806	 5.727	
691	 66.250	 1946.750	 4.153	
692	 66.306	 1946.694	 5.186	
693	 66.361	 1946.639	 4.941	
694	 66.417	 1946.583	 5.141	
696	 66.528	 1946.472	 4.868	
697	 66.583	 1946.417	 4.499	
699	 66.694	 1946.306	 4.528	
700	 66.750	 1946.250	 4.662	
701	 66.806	 1946.194	 4.607	
702	 66.861	 1946.139	 4.660	
704	 66.972	 1946.028	 5.189	
705	 67.028	 1945.972	 6.028	
706	 67.083	 1945.917	 6.194	
707	 67.139	 1945.861	 6.134	
708	 67.194	 1945.806	 5.750	
709	 67.250	 1945.750	 5.466	
710	 67.333	 1945.667	 5.527	
711	 67.417	 1945.583	 5.840	
713	 67.583	 1945.417	 4.153	
714	 67.667	 1945.333	 4.925	
715	 67.750	 1945.250	 4.766	
716	 67.833	 1945.167	 4.153	
	 	 247	
717	 67.917	 1945.083	 4.153	
718	 68.000	 1945.000	 5.157	
719	 68.083	 1944.917	 5.778	
720	 68.167	 1944.833	 6.391	
721	 68.250	 1944.750	 5.989	
722	 68.321	 1944.679	 5.687	
723	 68.393	 1944.607	 5.148	
724	 68.464	 1944.536	 5.678	
725	 68.536	 1944.464	 5.478	
726	 68.607	 1944.393	 5.353	
727	 68.679	 1944.321	 4.982	
729	 68.821	 1944.179	 4.982	
730	 68.893	 1944.107	 4.857	
731	 68.964	 1944.036	 4.792	
732	 69.036	 1943.964	 5.054	
733	 69.107	 1943.893	 5.168	
734	 69.179	 1943.821	 5.328	
735	 69.250	 1943.750	 5.585	
738	 69.464	 1943.536	 5.397	
739	 69.536	 1943.464	 5.390	
740	 69.607	 1943.393	 5.426	
741	 69.679	 1943.321	 5.342	
742	 69.750	 1943.250	 5.097	
743	 69.821	 1943.179	 5.300	
744	 69.893	 1943.107	 5.212	
745	 69.964	 1943.036	 5.217	
747	 70.107	 1942.893	 5.086	
748	 70.179	 1942.821	 5.332	
749	 70.250	 1942.750	 5.964	
750	 70.306	 1942.694	 6.033	
751	 70.361	 1942.639	 6.089	
752	 70.417	 1942.583	 5.739	
753	 70.472	 1942.528	 5.215	
754	 70.528	 1942.472	 5.738	
755	 70.583	 1942.417	 5.657	
756	 70.639	 1942.361	 5.701	
757	 70.694	 1942.306	 4.933	
758	 70.750	 1942.250	 5.121	
759	 70.806	 1942.194	 4.660	
760	 70.861	 1942.139	 4.153	
761	 70.917	 1942.083	 4.325	
	 	 248	
762	 70.972	 1942.028	 4.101	
763	 71.028	 1941.972	 4.734	
764	 71.083	 1941.917	 5.150	
765	 71.139	 1941.861	 5.128	
766	 71.194	 1941.806	 5.056	
767	 71.250	 1941.750	 5.169	
768	 71.321	 1941.679	 5.260	
769	 71.393	 1941.607	 5.050	
770	 71.464	 1941.536	 5.026	
771	 71.536	 1941.464	 4.962	
772	 71.607	 1941.393	 4.883	
773	 71.679	 1941.321	 4.610	
774	 71.750	 1941.250	 4.464	
775	 71.821	 1941.179	 4.467	
776	 71.893	 1941.107	 4.670	
777	 71.964	 1941.036	 5.011	
778	 72.036	 1940.964	 4.972	
779	 72.107	 1940.893	 5.303	
780	 72.179	 1940.821	 5.539	
782	 72.321	 1940.679	 4.153	
783	 72.393	 1940.607	 4.862	
784	 72.464	 1940.536	 4.893	
785	 72.536	 1940.464	 4.153	
786	 72.607	 1940.393	 4.153	
787	 72.679	 1940.321	 4.965	
788	 72.750	 1940.250	 4.913	
789	 72.821	 1940.179	 4.568	
790	 72.893	 1940.107	 4.490	
791	 72.964	 1940.036	 4.399	
793	 73.107	 1939.893	 4.583	
794	 73.179	 1939.821	 5.127	
795	 73.250	 1939.750	 5.201	
796	 73.313	 1939.688	 5.064	
797	 73.375	 1939.625	 5.122	
798	 73.438	 1939.563	 4.591	
799	 73.500	 1939.500	 4.153	
800	 73.563	 1939.438	 4.981	
801	 73.625	 1939.375	 4.746	
802	 73.688	 1939.313	 4.678	
803	 73.750	 1939.250	 4.458	
804	 73.813	 1939.188	 4.319	
	 	 249	
806	 73.938	 1939.063	 4.828	
808	 74.063	 1938.938	 4.613	
809	 74.125	 1938.875	 5.231	
810	 74.188	 1938.813	 5.772	
811	 74.250	 1938.750	 5.967	
812	 74.333	 1938.667	 5.707	
813	 74.417	 1938.583	 5.514	
814	 74.500	 1938.500	 5.458	
815	 74.583	 1938.417	 5.489	
816	 74.667	 1938.333	 5.945	
817	 74.750	 1938.250	 5.751	
818	 74.833	 1938.167	 5.035	
821	 75.083	 1937.917	 4.921	
822	 75.167	 1937.833	 5.717	
823	 75.250	 1937.750	 5.928	
824	 75.313	 1937.688	 5.805	
825	 75.375	 1937.625	 5.486	
826	 75.438	 1937.563	 5.170	
827	 75.500	 1937.500	 5.238	
828	 75.563	 1937.438	 5.044	
829	 75.625	 1937.375	 4.705	
830	 75.688	 1937.313	 4.744	
831	 75.750	 1937.250	 4.716	
832	 75.813	 1937.188	 4.521	
833	 75.875	 1937.125	 4.769	
835	 76.000	 1937.000	 5.532	
836	 76.063	 1936.938	 5.722	
837	 76.125	 1936.875	 5.534	
838	 76.188	 1936.813	 5.468	
839	 76.250	 1936.750	 5.180	
840	 76.333	 1936.667	 5.143	
841	 76.417	 1936.583	 4.957	
842	 76.500	 1936.500	 4.769	
843	 76.583	 1936.417	 5.163	
844	 76.667	 1936.333	 4.153	
845	 76.750	 1936.250	 5.389	
846	 76.833	 1936.167	 5.866	
852	 77.350	 1935.650	 5.241	
853	 77.450	 1935.550	 5.127	
854	 77.550	 1935.450	 4.786	
855	 77.650	 1935.350	 4.920	
	 	 250	
856	 77.750	 1935.250	 4.869	
857	 77.850	 1935.150	 4.939	
859	 78.050	 1934.950	 5.361	
860	 78.150	 1934.850	 5.663	
865	 78.500	 1934.500	 5.036	
866	 78.563	 1934.438	 4.153	
867	 78.625	 1934.375	 4.793	
868	 78.688	 1934.313	 4.738	
869	 78.750	 1934.250	 4.153	
870	 78.813	 1934.188	 4.153	
871	 78.875	 1934.125	 4.579	
872	 78.938	 1934.063	 4.816	
873	 79.000	 1934.000	 4.977	
874	 79.063	 1933.938	 5.005	
875	 79.125	 1933.875	 5.650	
876	 79.188	 1933.813	 6.275	
877	 79.250	 1933.750	 5.905	
878	 79.295	 1933.705	 5.678	
879	 79.341	 1933.659	 5.290	
880	 79.386	 1933.614	 4.961	
881	 79.432	 1933.568	 4.751	
882	 79.477	 1933.523	 4.736	
883	 79.523	 1933.477	 4.538	
884	 79.568	 1933.432	 4.936	
885	 79.614	 1933.386	 4.153	
886	 79.659	 1933.341	 4.584	
887	 79.705	 1933.295	 4.656	
888	 79.750	 1933.250	 4.350	
889	 79.795	 1933.205	 4.609	
890	 79.841	 1933.159	 4.710	
894	 80.023	 1932.977	 5.876	
895	 80.068	 1932.932	 5.919	
896	 80.114	 1932.886	 5.254	
897	 80.159	 1932.841	 5.232	
898	 80.205	 1932.795	 5.212	
899	 80.250	 1932.750	 5.276	
900	 80.321	 1932.679	 4.939	
901	 80.393	 1932.607	 4.685	
902	 80.464	 1932.536	 4.628	
903	 80.536	 1932.464	 4.657	
904	 80.607	 1932.393	 4.731	
	 	 251	
905	 80.679	 1932.321	 4.667	
906	 80.750	 1932.250	 4.574	
907	 80.821	 1932.179	 4.878	
908	 80.893	 1932.107	 4.565	
909	 80.964	 1932.036	 4.804	
910	 81.036	 1931.964	 5.140	
911	 81.107	 1931.893	 5.441	
912	 81.179	 1931.821	 5.056	
913	 81.250	 1931.750	 5.139	
914	 81.333	 1931.667	 5.329	
915	 81.417	 1931.583	 5.202	
916	 81.500	 1931.500	 4.926	
917	 81.583	 1931.417	 4.619	
918	 81.667	 1931.333	 4.708	
919	 81.750	 1931.250	 4.252	
920	 81.833	 1931.167	 4.337	
921	 81.917	 1931.083	 4.806	
922	 82.000	 1931.000	 4.688	
923	 82.083	 1930.917	 4.560	
924	 82.167	 1930.833	 4.627	
925	 82.250	 1930.750	 5.171	
926	 82.333	 1930.667	 4.987	
927	 82.417	 1930.583	 4.153	
928	 82.500	 1930.500	 4.745	
929	 82.583	 1930.417	 5.046	
930	 82.667	 1930.333	 4.426	
931	 82.750	 1930.250	 4.605	
932	 82.833	 1930.167	 4.472	
933	 82.917	 1930.083	 4.339	
934	 83.000	 1930.000	 4.340	
935	 83.083	 1929.917	 5.189	
936	 83.167	 1929.833	 5.575	
937	 83.250	 1929.750	 5.696	
938	 83.333	 1929.667	 5.364	
939	 83.417	 1929.583	 4.977	
940	 83.500	 1929.500	 5.151	
941	 83.583	 1929.417	 5.235	
942	 83.667	 1929.333	 5.047	
943	 83.750	 1929.250	 4.532	
944	 83.833	 1929.167	 4.740	
945	 83.917	 1929.083	 4.544	
	 	 252	
946	 84.000	 1929.000	 4.481	
947	 84.083	 1928.917	 4.769	
948	 84.167	 1928.833	 5.421	
950	 84.333	 1928.667	 6.101	
951	 84.417	 1928.583	 6.341	
952	 84.500	 1928.500	 5.589	
953	 84.583	 1928.417	 5.501	
954	 84.667	 1928.333	 5.321	
955	 84.750	 1928.250	 5.062	
956	 84.833	 1928.167	 4.644	
957	 84.917	 1928.083	 4.218	
958	 85.000	 1928.000	 4.518	
959	 85.083	 1927.917	 4.760	
960	 85.167	 1927.833	 6.052	
961	 85.250	 1927.750	 5.956	
962	 85.333	 1927.667	 6.022	
963	 85.417	 1927.583	 5.387	
964	 85.500	 1927.500	 5.315	
965	 85.583	 1927.417	 5.559	
966	 85.667	 1927.333	 5.289	
967	 85.750	 1927.250	 5.363	
968	 85.833	 1927.167	 4.753	
969	 85.917	 1927.083	 4.837	
970	 86.000	 1927.000	 5.062	
971	 86.083	 1926.917	 4.504	
972	 86.167	 1926.833	 5.264	
973	 86.250	 1926.750	 5.942	
974	 86.321	 1926.679	 6.357	
975	 86.393	 1926.607	 6.141	
976	 86.464	 1926.536	 5.412	
977	 86.536	 1926.464	 5.348	
978	 86.607	 1926.393	 4.945	
979	 86.679	 1926.321	 4.789	
981	 86.821	 1926.179	 4.654	
982	 86.893	 1926.107	 4.438	
983	 86.964	 1926.036	 4.627	
984	 87.036	 1925.964	 4.728	
985	 87.107	 1925.893	 4.842	
986	 87.179	 1925.821	 6.006	
987	 87.250	 1925.750	 5.903	
988	 87.295	 1925.705	 5.024	
	 	 253	
989	 87.341	 1925.659	 5.146	
990	 87.386	 1925.614	 4.793	
991	 87.432	 1925.568	 5.037	
992	 87.477	 1925.523	 5.124	
993	 87.523	 1925.477	 5.541	
994	 87.568	 1925.432	 5.269	
995	 87.614	 1925.386	 5.151	
996	 87.659	 1925.341	 5.147	
997	 87.705	 1925.295	 4.638	
998	 87.750	 1925.250	 4.792	
999	 87.795	 1925.205	 4.599	
1000	 87.841	 1925.159	 4.296	
1001	 87.886	 1925.114	 4.317	
1002	 87.932	 1925.068	 4.690	
1003	 87.977	 1925.023	 4.790	
1004	 88.023	 1924.977	 4.938	
1005	 88.068	 1924.932	 5.008	
1006	 88.114	 1924.886	 4.961	
1007	 88.159	 1924.841	 4.988	
1008	 88.205	 1924.795	 5.050	
1009	 88.250	 1924.750	 5.095	
1010	 88.350	 1924.650	 4.977	
1011	 88.450	 1924.550	 4.507	
1012	 88.550	 1924.450	 4.530	
1013	 88.650	 1924.350	 4.335	
1014	 88.750	 1924.250	 4.417	
1015	 88.850	 1924.150	 5.510	
1016	 88.950	 1924.050	 5.318	
1017	 89.050	 1923.950	 5.410	
1018	 89.150	 1923.850	 5.083	
1019	 89.250	 1923.750	 5.126	
1020	 89.333	 1923.667	 4.806	
1021	 89.417	 1923.583	 4.153	
1022	 89.500	 1923.500	 4.544	
1023	 89.583	 1923.417	 4.459	
1024	 89.667	 1923.333	 4.267	
1026	 89.833	 1923.167	 4.701	
1027	 89.917	 1923.083	 4.716	
1028	 90.000	 1923.000	 4.680	
1030	 90.167	 1922.833	 4.911	
1031	 90.250	 1922.750	 5.448	
	 	 254	
1032	 90.350	 1922.650	 5.325	
1033	 90.450	 1922.550	 4.638	
1034	 90.550	 1922.450	 4.669	
1035	 90.650	 1922.350	 4.606	
1036	 90.750	 1922.250	 4.550	
1037	 90.850	 1922.150	 4.417	
1038	 90.950	 1922.050	 4.517	
1039	 91.050	 1921.950	 4.614	
1040	 91.150	 1921.850	 4.461	
1041	 91.250	 1921.750	 4.938	
1042	 91.321	 1921.679	 5.109	
1043	 91.393	 1921.607	 4.741	
1044	 91.464	 1921.536	 4.843	
1045	 91.536	 1921.464	 4.864	
1046	 91.607	 1921.393	 6.210	
1047	 91.679	 1921.321	 4.479	
1048	 91.750	 1921.250	 4.134	
1049	 91.821	 1921.179	 4.313	
1050	 91.893	 1921.107	 4.639	
1051	 91.964	 1921.036	 4.996	
1052	 92.036	 1920.964	 5.117	
1053	 92.107	 1920.893	 5.476	
1054	 92.179	 1920.821	 5.675	
1055	 92.250	 1920.750	 5.474	
1056	 92.350	 1920.650	 5.259	
1057	 92.450	 1920.550	 5.199	
1058	 92.550	 1920.450	 5.395	
1059	 92.650	 1920.350	 5.416	
1060	 92.750	 1920.250	 5.112	
1061	 92.850	 1920.150	 4.843	
1062	 92.950	 1920.050	 5.227	
1063	 93.050	 1919.950	 5.680	
1064	 93.150	 1919.850	 5.761	
1065	 93.250	 1919.750	 5.597	
1066	 93.321	 1919.679	 5.320	
1067	 93.393	 1919.607	 5.342	
1068	 93.464	 1919.536	 5.626	
1069	 93.536	 1919.464	 5.687	
1070	 93.607	 1919.393	 5.565	
1071	 93.679	 1919.321	 5.540	
1072	 93.750	 1919.250	 5.115	
	 	 255	
1073	 93.821	 1919.179	 5.103	
1074	 93.893	 1919.107	 5.416	
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1	 16.417	 1996.583	 -5.915	
2	 16.536	 1996.464	 -6.006	
3	 16.655	 1996.345	 -6.099	
4	 16.774	 1996.226	 -6.121	
5	 16.893	 1996.107	 -6.171	
6	 17.012	 1995.988	 -6.603	
7	 17.131	 1995.869	 -6.644	
8	 17.250	 1995.750	 -6.722	
9	 17.500	 1995.500	 -6.606	
10	 17.750	 1995.250	 -6.345	
11	 18.000	 1995.000	 -6.320	
12	 18.250	 1994.750	 -6.394	
13	 18.333	 1994.667	 -6.166	
14	 18.417	 1994.583	 -5.896	
15	 18.500	 1994.500	 -5.530	
16	 18.583	 1994.417	 -5.384	
17	 18.667	 1994.333	 -5.516	
18	 18.750	 1994.250	 -5.451	
19	 18.833	 1994.167	 -5.452	
20	 18.917	 1994.083	 -5.472	
21	 19.000	 1994.000	 -6.065	
22	 19.083	 1993.917	 -6.073	
23	 19.167	 1993.833	 -6.267	
24	 19.250	 1993.750	 -6.291	
25	 19.327	 1993.673	 -6.009	
26	 19.404	 1993.596	 -6.152	
27	 19.481	 1993.519	 -5.959	
28	 19.558	 1993.442	 -5.931	
29	 19.635	 1993.365	 -5.787	
30	 19.712	 1993.288	 -5.520	
31	 19.788	 1993.212	 -5.515	
32	 19.865	 1993.135	 -5.289	
33	 19.942	 1993.058	 -5.447	
34	 20.019	 1992.981	 -5.707	
35	 20.096	 1992.904	 -6.086	
36	 20.173	 1992.827	 -6.283	
37	 20.250	 1992.750	 -6.443	
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38	 20.327	 1992.673	 -6.195	
39	 20.404	 1992.596	 -6.267	
40	 20.481	 1992.519	 -6.321	
41	 20.558	 1992.442	 -6.130	
42	 20.635	 1992.365	 -6.334	
43	 20.712	 1992.288	 -6.033	
44	 20.788	 1992.212	 -6.033	
46	 20.942	 1992.058	 -5.474	
47	 21.019	 1991.981	 -5.642	
48	 21.096	 1991.904	 -5.763	
49	 21.173	 1991.827	 -6.115	
50	 21.250	 1991.750	 -6.184	
52	 21.350	 1991.650	 -6.103	
53	 21.400	 1991.600	 -6.302	
54	 21.450	 1991.550	 -6.145	
55	 21.500	 1991.500	 -6.149	
56	 21.550	 1991.450	 -5.903	
58	 21.650	 1991.350	 -5.611	
59	 21.700	 1991.300	 -5.735	
60	 21.750	 1991.250	 -5.653	
61	 21.800	 1991.200	 -5.738	
62	 21.850	 1991.150	 -5.791	
63	 21.900	 1991.100	 -5.727	
64	 21.950	 1991.050	 -5.710	
65	 22.000	 1991.000	 -5.914	
66	 22.050	 1990.950	 -5.978	
67	 22.100	 1990.900	 -6.169	
68	 22.150	 1990.850	 -6.556	
69	 22.200	 1990.800	 -6.618	
70	 22.250	 1990.750	 -6.639	
71	 22.317	 1990.683	 -6.404	
72	 22.383	 1990.617	 -6.490	
73	 22.450	 1990.550	 -6.494	
74	 22.517	 1990.483	 -6.282	
75	 22.583	 1990.417	 -6.030	
76	 22.650	 1990.350	 -5.913	
77	 22.717	 1990.283	 -5.814	
78	 22.783	 1990.217	 -5.593	
79	 22.850	 1990.150	 -5.438	
80	 22.917	 1990.083	 -5.604	
81	 22.983	 1990.017	 -5.643	
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82	 23.050	 1989.950	 -5.766	
83	 23.117	 1989.883	 -6.228	
84	 23.183	 1989.817	 -6.104	
85	 23.250	 1989.750	 -6.268	
86	 23.306	 1989.694	 -6.050	
87	 23.361	 1989.639	 -6.250	
88	 23.417	 1989.583	 -6.261	
89	 23.472	 1989.528	 -6.146	
90	 23.528	 1989.472	 -6.011	
92	 23.639	 1989.361	 -5.900	
93	 23.694	 1989.306	 -5.667	
94	 23.750	 1989.250	 -5.668	
95	 23.806	 1989.194	 -5.592	
96	 23.861	 1989.139	 -5.603	
97	 23.917	 1989.083	 -5.435	
99	 24.028	 1988.972	 -5.904	
100	 24.083	 1988.917	 -6.338	
101	 24.139	 1988.861	 -6.436	
102	 24.194	 1988.806	 -6.400	
103	 24.250	 1988.750	 -6.459	
104	 24.317	 1988.683	 -6.341	
105	 24.383	 1988.617	 -6.210	
106	 24.450	 1988.550	 -6.213	
107	 24.517	 1988.483	 -6.199	
108	 24.583	 1988.417	 -6.159	
109	 24.650	 1988.350	 -5.961	
110	 24.717	 1988.283	 -5.606	
111	 24.783	 1988.217	 -5.573	
112	 24.850	 1988.150	 -5.469	
113	 24.917	 1988.083	 -5.736	
114	 24.983	 1988.017	 -5.463	
115	 25.050	 1987.950	 -5.451	
116	 25.117	 1987.883	 -5.685	
117	 25.183	 1987.817	 -6.091	
118	 25.250	 1987.750	 -6.535	
119	 25.306	 1987.694	 -6.258	
120	 25.361	 1987.639	 -6.097	
121	 25.417	 1987.583	 -6.273	
122	 25.472	 1987.528	 -6.048	
123	 25.528	 1987.472	 -6.046	
124	 25.583	 1987.417	 -6.176	
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125	 25.639	 1987.361	 -6.140	
126	 25.694	 1987.306	 -6.069	
127	 25.750	 1987.250	 -5.881	
128	 25.806	 1987.194	 -5.748	
129	 25.861	 1987.139	 -5.474	
130	 25.917	 1987.083	 -5.560	
131	 25.972	 1987.028	 -5.823	
132	 26.028	 1986.972	 -5.953	
133	 26.083	 1986.917	 -6.043	
134	 26.139	 1986.861	 -6.365	
135	 26.194	 1986.806	 -6.504	
136	 26.250	 1986.750	 -6.591	
137	 26.313	 1986.688	 -6.395	
138	 26.375	 1986.625	 -6.352	
139	 26.438	 1986.563	 -6.460	
140	 26.500	 1986.500	 -6.259	
141	 26.563	 1986.438	 -6.030	
142	 26.625	 1986.375	 -5.999	
143	 26.688	 1986.313	 -5.744	
144	 26.750	 1986.250	 -5.502	
145	 26.813	 1986.188	 -5.495	
146	 26.875	 1986.125	 -5.470	
147	 26.938	 1986.063	 -5.546	
148	 27.000	 1986.000	 -5.691	
149	 27.063	 1985.938	 -6.010	
150	 27.125	 1985.875	 -6.371	
151	 27.188	 1985.813	 -6.527	
152	 27.250	 1985.750	 -6.670	
153	 27.309	 1985.691	 -6.415	
154	 27.368	 1985.632	 -6.188	
155	 27.426	 1985.574	 -6.166	
156	 27.485	 1985.515	 -6.007	
157	 27.544	 1985.456	 -6.035	
158	 27.603	 1985.397	 -5.894	
159	 27.662	 1985.338	 -5.682	
160	 27.721	 1985.279	 -5.753	
161	 27.779	 1985.221	 -5.650	
162	 27.838	 1985.162	 -5.522	
163	 27.897	 1985.103	 -5.486	
164	 27.956	 1985.044	 -5.736	
165	 28.015	 1984.985	 -5.571	
	 	 260	
166	 28.074	 1984.926	 -5.793	
167	 28.132	 1984.868	 -6.148	
168	 28.191	 1984.809	 -6.299	
169	 28.250	 1984.750	 -6.303	
170	 28.300	 1984.700	 -6.165	
171	 28.350	 1984.650	 -6.340	
172	 28.400	 1984.600	 -6.282	
173	 28.450	 1984.550	 -6.133	
174	 28.500	 1984.500	 -6.133	
175	 28.550	 1984.450	 -6.010	
176	 28.600	 1984.400	 -5.975	
177	 28.650	 1984.350	 -5.904	
178	 28.700	 1984.300	 -5.815	
179	 28.750	 1984.250	 -5.655	
180	 28.800	 1984.200	 -5.794	
181	 28.850	 1984.150	 -5.452	
182	 28.900	 1984.100	 -5.623	
183	 28.950	 1984.050	 -5.503	
184	 29.000	 1984.000	 -5.677	
185	 29.050	 1983.950	 -5.891	
186	 29.100	 1983.900	 -6.471	
187	 29.150	 1983.850	 -6.687	
188	 29.200	 1983.800	 -6.709	
189	 29.250	 1983.750	 -6.846	
190	 29.306	 1983.694	 -6.551	
191	 29.361	 1983.639	 -6.558	
192	 29.417	 1983.583	 -6.398	
193	 29.472	 1983.528	 -6.373	
194	 29.528	 1983.472	 -6.255	
195	 29.583	 1983.417	 -6.018	
196	 29.639	 1983.361	 -5.995	
197	 29.694	 1983.306	 -5.903	
198	 29.750	 1983.250	 -5.840	
199	 29.806	 1983.194	 -5.591	
200	 29.861	 1983.139	 -5.589	
201	 29.917	 1983.083	 -5.791	
202	 29.972	 1983.028	 -6.051	
203	 30.028	 1982.972	 -6.363	
204	 30.083	 1982.917	 -6.571	
205	 30.139	 1982.861	 -6.569	
206	 30.194	 1982.806	 -6.580	
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207	 30.250	 1982.750	 -6.714	
208	 30.327	 1982.673	 -6.595	
209	 30.404	 1982.596	 -6.573	
210	 30.481	 1982.519	 -6.199	
211	 30.558	 1982.442	 -5.900	
212	 30.635	 1982.365	 -5.943	
213	 30.712	 1982.288	 -5.939	
214	 30.788	 1982.212	 -5.321	
215	 30.865	 1982.135	 -5.193	
216	 30.942	 1982.058	 -5.820	
217	 31.019	 1981.981	 -5.616	
218	 31.096	 1981.904	 -5.862	
219	 31.173	 1981.827	 -6.187	
220	 31.250	 1981.750	 -6.383	
221	 31.333	 1981.667	 -6.264	
222	 31.417	 1981.583	 -6.207	
223	 31.500	 1981.500	 -5.980	
224	 31.583	 1981.417	 -5.156	
225	 31.667	 1981.333	 -5.663	
226	 31.750	 1981.250	 -5.481	
227	 31.833	 1981.167	 -5.566	
228	 31.917	 1981.083	 -5.488	
229	 32.000	 1981.000	 -5.692	
230	 32.083	 1980.917	 -5.869	
232	 32.250	 1980.750	 -6.378	
233	 32.317	 1980.683	 -6.195	
234	 32.383	 1980.617	 -6.224	
235	 32.450	 1980.550	 -6.133	
236	 32.517	 1980.483	 -6.153	
237	 32.583	 1980.417	 -5.808	
238	 32.650	 1980.350	 -6.014	
239	 32.717	 1980.283	 -5.946	
240	 32.783	 1980.217	 -5.827	
241	 32.850	 1980.150	 -5.734	
242	 32.917	 1980.083	 -5.664	
243	 32.983	 1980.017	 -5.632	
244	 33.050	 1979.950	 -5.655	
245	 33.117	 1979.883	 -5.893	
246	 33.183	 1979.817	 -6.403	
247	 33.250	 1979.750	 -6.565	
248	 33.313	 1979.688	 -6.448	
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249	 33.375	 1979.625	 -6.426	
250	 33.438	 1979.563	 -6.292	
251	 33.500	 1979.500	 -6.288	
252	 33.563	 1979.438	 -5.948	
253	 33.625	 1979.375	 -6.435	
254	 33.688	 1979.313	 -5.863	
255	 33.750	 1979.250	 -5.659	
256	 33.813	 1979.188	 -5.516	
257	 33.875	 1979.125	 -5.430	
258	 33.938	 1979.063	 -5.423	
259	 34.000	 1979.000	 -5.425	
260	 34.063	 1978.938	 -5.694	
263	 34.250	 1978.750	 -6.355	
264	 34.317	 1978.683	 -6.128	
265	 34.383	 1978.617	 -6.241	
266	 34.450	 1978.550	 -6.170	
267	 34.517	 1978.483	 -5.879	
268	 34.583	 1978.417	 -5.929	
269	 34.650	 1978.350	 -5.786	
270	 34.717	 1978.283	 -5.675	
271	 34.783	 1978.217	 -5.825	
272	 34.850	 1978.150	 -5.620	
273	 34.917	 1978.083	 -6.076	
274	 34.983	 1978.017	 -6.323	
275	 35.050	 1977.950	 -6.132	
276	 35.117	 1977.883	 -6.611	
277	 35.183	 1977.817	 -6.312	
278	 35.250	 1977.750	 -6.363	
279	 35.333	 1977.667	 -6.200	
280	 35.417	 1977.583	 -5.948	
281	 35.500	 1977.500	 -5.895	
282	 35.583	 1977.417	 -5.836	
283	 35.667	 1977.333	 -5.618	
284	 35.750	 1977.250	 -5.487	
285	 35.833	 1977.167	 -5.657	
286	 35.917	 1977.083	 -5.802	
287	 36.000	 1977.000	 -6.257	
289	 36.167	 1976.833	 -6.286	
290	 36.250	 1976.750	 -6.528	
291	 36.333	 1976.667	 -6.352	
292	 36.417	 1976.583	 -6.201	
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293	 36.500	 1976.500	 -6.044	
294	 36.583	 1976.417	 -6.020	
296	 36.750	 1976.250	 -5.902	
297	 36.833	 1976.167	 -5.447	
298	 36.917	 1976.083	 -5.371	
299	 37.000	 1976.000	 -5.228	
300	 37.083	 1975.917	 -5.585	
301	 37.167	 1975.833	 -6.117	
302	 37.250	 1975.750	 -6.427	
303	 37.313	 1975.688	 -6.364	
304	 37.375	 1975.625	 -6.290	
305	 37.438	 1975.563	 -6.294	
306	 37.500	 1975.500	 -6.189	
307	 37.563	 1975.438	 -6.083	
308	 37.625	 1975.375	 -6.061	
309	 37.688	 1975.313	 -5.869	
310	 37.750	 1975.250	 -5.732	
311	 37.813	 1975.188	 -5.704	
312	 37.875	 1975.125	 -5.628	
313	 37.938	 1975.063	 -5.942	
314	 38.000	 1975.000	 -6.073	
315	 38.063	 1974.938	 -6.176	
316	 38.125	 1974.875	 -6.269	
317	 38.188	 1974.813	 -6.481	
318	 38.250	 1974.750	 -6.592	
319	 38.313	 1974.688	 -6.335	
320	 38.375	 1974.625	 -6.364	
321	 38.438	 1974.563	 -6.040	
322	 38.500	 1974.500	 -5.973	
323	 38.563	 1974.438	 -5.945	
324	 38.625	 1974.375	 -5.835	
325	 38.688	 1974.313	 -5.807	
326	 38.750	 1974.250	 -6.105	
327	 38.813	 1974.188	 -5.951	
328	 38.875	 1974.125	 -6.319	
329	 38.938	 1974.063	 -6.644	
330	 39.000	 1974.000	 -7.002	
331	 39.063	 1973.938	 -6.875	
332	 39.125	 1973.875	 -6.485	
333	 39.188	 1973.813	 -6.448	
334	 39.250	 1973.750	 -6.532	
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335	 39.333	 1973.667	 -6.295	
336	 39.417	 1973.583	 -6.478	
337	 39.500	 1973.500	 -6.361	
338	 39.583	 1973.417	 -5.888	
339	 39.667	 1973.333	 -5.907	
340	 39.750	 1973.250	 -5.762	
341	 39.833	 1973.167	 -5.883	
342	 39.917	 1973.083	 -5.922	
343	 40.000	 1973.000	 -5.819	
344	 40.083	 1972.917	 -6.283	
345	 40.167	 1972.833	 -6.515	
346	 40.250	 1972.750	 -6.774	
347	 40.309	 1972.691	 -6.697	
348	 40.368	 1972.632	 -6.741	
349	 40.426	 1972.574	 -6.647	
350	 40.485	 1972.515	 -6.402	
351	 40.544	 1972.456	 -6.427	
352	 40.603	 1972.397	 -6.422	
353	 40.662	 1972.338	 -5.918	
354	 40.721	 1972.279	 -5.826	
355	 40.779	 1972.221	 -5.975	
356	 40.838	 1972.162	 -6.625	
357	 40.897	 1972.103	 -6.931	
358	 40.956	 1972.044	 -6.834	
359	 41.015	 1971.985	 -6.775	
360	 41.074	 1971.926	 -6.726	
361	 41.132	 1971.868	 -6.613	
362	 41.191	 1971.809	 -6.621	
363	 41.250	 1971.750	 -6.401	
364	 41.361	 1971.639	 -6.217	
365	 41.472	 1971.528	 -6.073	
366	 41.583	 1971.417	 -6.130	
367	 41.694	 1971.306	 -6.088	
368	 41.806	 1971.194	 -6.340	
369	 41.917	 1971.083	 -6.625	
370	 42.028	 1970.972	 -6.703	
371	 42.139	 1970.861	 -6.758	
372	 42.250	 1970.750	 -6.799	
373	 42.327	 1970.673	 -6.545	
374	 42.404	 1970.596	 -6.406	
375	 42.481	 1970.519	 -6.374	
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376	 42.558	 1970.442	 -6.383	
377	 42.635	 1970.365	 -6.055	
378	 42.712	 1970.288	 -5.901	
379	 42.788	 1970.212	 -5.839	
380	 42.865	 1970.135	 -5.699	
381	 42.942	 1970.058	 -5.852	
382	 43.019	 1969.981	 -6.233	
383	 43.096	 1969.904	 -6.492	
384	 43.173	 1969.827	 -6.642	
385	 43.250	 1969.750	 -6.748	
386	 43.327	 1969.673	 -6.627	
387	 43.404	 1969.596	 -6.519	
388	 43.481	 1969.519	 -6.467	
389	 43.558	 1969.442	 -6.274	
390	 43.635	 1969.365	 -6.131	
391	 43.712	 1969.288	 -6.069	
392	 43.788	 1969.212	 -5.889	
393	 43.865	 1969.135	 -6.397	
394	 43.942	 1969.058	 -5.878	
395	 44.019	 1968.981	 -6.119	
396	 44.096	 1968.904	 -6.343	
397	 44.173	 1968.827	 -6.577	
398	 44.250	 1968.750	 -6.598	
399	 44.350	 1968.650	 -6.182	
400	 44.450	 1968.550	 -6.051	
401	 44.550	 1968.450	 -5.751	
402	 44.650	 1968.350	 -5.796	
403	 44.750	 1968.250	 -5.553	
404	 44.850	 1968.150	 -5.542	
405	 44.950	 1968.050	 -5.800	
406	 45.050	 1967.950	 -6.226	
408	 45.250	 1967.750	 -6.436	
409	 45.321	 1967.679	 -6.410	
410	 45.393	 1967.607	 -6.080	
411	 45.464	 1967.536	 -6.366	
412	 45.536	 1967.464	 -6.284	
413	 45.607	 1967.393	 -6.122	
414	 45.679	 1967.321	 -6.194	
415	 45.750	 1967.250	 -6.030	
416	 45.821	 1967.179	 -5.662	
417	 45.893	 1967.107	 -5.749	
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418	 45.964	 1967.036	 -5.641	
419	 46.036	 1966.964	 -5.800	
420	 46.107	 1966.893	 -5.989	
421	 46.179	 1966.821	 -6.222	
422	 46.250	 1966.750	 -6.590	
423	 46.321	 1966.679	 -6.417	
424	 46.393	 1966.607	 -6.357	
425	 46.464	 1966.536	 -6.360	
426	 46.536	 1966.464	 -6.357	
427	 46.607	 1966.393	 -6.094	
428	 46.679	 1966.321	 -5.727	
429	 46.750	 1966.250	 -5.673	
430	 46.821	 1966.179	 -5.546	
431	 46.893	 1966.107	 -5.611	
432	 46.964	 1966.036	 -5.733	
433	 47.036	 1965.964	 -5.943	
434	 47.107	 1965.893	 -6.191	
435	 47.179	 1965.821	 -6.403	
436	 47.250	 1965.750	 -6.560	
437	 47.327	 1965.673	 -6.447	
438	 47.404	 1965.596	 -6.084	
439	 47.481	 1965.519	 -6.011	
440	 47.558	 1965.442	 -6.022	
442	 47.712	 1965.288	 -5.732	
443	 47.788	 1965.212	 -5.529	
444	 47.865	 1965.135	 -5.485	
445	 47.942	 1965.058	 -5.519	
446	 48.019	 1964.981	 -5.703	
447	 48.096	 1964.904	 -5.810	
448	 48.173	 1964.827	 -6.089	
449	 48.250	 1964.750	 -6.369	
450	 48.321	 1964.679	 -6.380	
451	 48.393	 1964.607	 -6.297	
452	 48.464	 1964.536	 -6.201	
453	 48.536	 1964.464	 -6.091	
454	 48.607	 1964.393	 -6.071	
455	 48.679	 1964.321	 -5.739	
456	 48.750	 1964.250	 -5.204	
457	 48.821	 1964.179	 -4.657	
458	 48.893	 1964.107	 -5.597	
459	 48.964	 1964.036	 -5.727	
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460	 49.036	 1963.964	 -5.846	
461	 49.107	 1963.893	 -6.038	
462	 49.179	 1963.821	 -6.318	
463	 49.250	 1963.750	 -6.543	
464	 49.317	 1963.683	 -6.443	
465	 49.383	 1963.617	 -6.416	
466	 49.450	 1963.550	 -6.352	
467	 49.517	 1963.483	 -6.061	
468	 49.583	 1963.417	 -6.110	
469	 49.650	 1963.350	 -5.951	
470	 49.717	 1963.283	 -5.789	
471	 49.783	 1963.217	 -5.711	
472	 49.850	 1963.150	 -5.475	
473	 49.917	 1963.083	 -5.616	
474	 49.983	 1963.017	 -5.821	
475	 50.050	 1962.950	 -5.867	
476	 50.117	 1962.883	 -5.976	
477	 50.183	 1962.817	 -6.458	
478	 50.250	 1962.750	 -6.717	
479	 50.313	 1962.688	 -6.265	
480	 50.375	 1962.625	 -6.387	
481	 50.438	 1962.563	 -6.429	
482	 50.500	 1962.500	 -6.439	
483	 50.563	 1962.438	 -6.175	
484	 50.625	 1962.375	 -5.999	
485	 50.688	 1962.313	 -5.777	
486	 50.750	 1962.250	 -5.545	
487	 50.813	 1962.188	 -5.417	
488	 50.875	 1962.125	 -5.277	
489	 50.938	 1962.063	 -5.577	
490	 51.000	 1962.000	 -5.691	
491	 51.063	 1961.938	 -5.980	
492	 51.125	 1961.875	 -6.053	
493	 51.188	 1961.813	 -6.475	
494	 51.250	 1961.750	 -6.581	
495	 51.306	 1961.694	 -6.414	
497	 51.417	 1961.583	 -6.237	
498	 51.472	 1961.528	 -6.194	
499	 51.528	 1961.472	 -6.257	
500	 51.583	 1961.417	 -6.402	
501	 51.639	 1961.361	 -6.331	
	 	 268	
502	 51.694	 1961.306	 -6.241	
503	 51.750	 1961.250	 -6.135	
504	 51.806	 1961.194	 -5.874	
505	 51.861	 1961.139	 -5.522	
506	 51.917	 1961.083	 -5.458	
507	 51.972	 1961.028	 -5.639	
508	 52.028	 1960.972	 -5.992	
509	 52.083	 1960.917	 -6.372	
510	 52.139	 1960.861	 -6.322	
511	 52.194	 1960.806	 -6.301	
512	 52.250	 1960.750	 -6.461	
513	 52.341	 1960.659	 -6.278	
514	 52.432	 1960.568	 -6.218	
515	 52.523	 1960.477	 -6.292	
516	 52.614	 1960.386	 -6.075	
517	 52.705	 1960.295	 -6.032	
518	 52.795	 1960.205	 -5.772	
519	 52.886	 1960.114	 -5.623	
520	 52.977	 1960.023	 -5.533	
521	 53.068	 1959.932	 -5.741	
522	 53.159	 1959.841	 -5.800	
523	 53.250	 1959.750	 -6.082	
524	 53.327	 1959.673	 -6.041	
525	 53.404	 1959.596	 -5.795	
526	 53.481	 1959.519	 -5.890	
527	 53.558	 1959.442	 -5.892	
528	 53.635	 1959.365	 -5.817	
529	 53.712	 1959.288	 -5.583	
530	 53.788	 1959.212	 -5.538	
531	 53.865	 1959.135	 -5.272	
532	 53.942	 1959.058	 -5.493	
533	 54.019	 1958.981	 -5.698	
534	 54.096	 1958.904	 -6.004	
535	 54.173	 1958.827	 -6.105	
536	 54.250	 1958.750	 -6.175	
537	 54.333	 1958.667	 -6.074	
538	 54.417	 1958.583	 -6.099	
539	 54.500	 1958.500	 -6.037	
540	 54.583	 1958.417	 -5.593	
541	 54.667	 1958.333	 -5.484	
542	 54.750	 1958.250	 -5.375	
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543	 54.833	 1958.167	 -5.426	
544	 54.917	 1958.083	 -5.550	
545	 55.000	 1958.000	 -5.764	
546	 55.083	 1957.917	 -6.053	
547	 55.167	 1957.833	 -6.155	
548	 55.250	 1957.750	 -6.374	
549	 55.361	 1957.639	 -6.145	
550	 55.472	 1957.528	 -6.083	
551	 55.583	 1957.417	 -6.299	
552	 55.694	 1957.306	 -5.704	
553	 55.806	 1957.194	 -5.542	
554	 55.917	 1957.083	 -5.521	
555	 56.028	 1956.972	 -5.501	
556	 56.139	 1956.861	 -5.564	
557	 56.250	 1956.750	 -6.331	
558	 56.321	 1956.679	 -6.283	
559	 56.393	 1956.607	 -6.169	
560	 56.464	 1956.536	 -6.179	
561	 56.536	 1956.464	 -6.192	
562	 56.607	 1956.393	 -6.149	
563	 56.679	 1956.321	 -6.214	
565	 56.821	 1956.179	 -5.698	
566	 56.893	 1956.107	 -5.641	
567	 56.964	 1956.036	 -5.582	
569	 57.107	 1955.893	 -6.187	
571	 57.250	 1955.750	 -6.478	
572	 57.321	 1955.679	 -6.147	
573	 57.393	 1955.607	 -5.904	
575	 57.536	 1955.464	 -5.649	
576	 57.607	 1955.393	 -5.598	
577	 57.679	 1955.321	 -5.440	
578	 57.750	 1955.250	 -5.609	
579	 57.821	 1955.179	 -5.564	
581	 57.964	 1955.036	 -5.965	
583	 58.107	 1954.893	 -5.841	
584	 58.179	 1954.821	 -6.175	
585	 58.250	 1954.750	 -6.333	
586	 58.350	 1954.650	 -6.233	
587	 58.450	 1954.550	 -5.992	
589	 58.650	 1954.350	 -5.513	
590	 58.750	 1954.250	 -5.660	
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591	 58.850	 1954.150	 -5.610	
593	 59.050	 1953.950	 -6.134	
594	 59.150	 1953.850	 -6.368	
595	 59.250	 1953.750	 -6.433	
597	 59.417	 1953.583	 -6.105	
599	 59.583	 1953.417	 -6.126	
601	 59.750	 1953.250	 -5.550	
602	 59.833	 1953.167	 -5.566	
603	 59.917	 1953.083	 -5.809	
604	 60.000	 1953.000	 -6.192	
605	 60.083	 1952.917	 -6.334	
606	 60.167	 1952.833	 -6.556	
607	 60.250	 1952.750	 -6.713	
608	 60.341	 1952.659	 -6.455	
609	 60.432	 1952.568	 -6.444	
611	 60.614	 1952.386	 -5.770	
613	 60.795	 1952.205	 -5.438	
614	 60.886	 1952.114	 -5.642	
615	 60.977	 1952.023	 -5.417	
617	 61.159	 1951.841	 -6.179	
618	 61.250	 1951.750	 -6.616	
619	 61.321	 1951.679	 -6.581	
620	 61.393	 1951.607	 -6.360	
621	 61.464	 1951.536	 -6.189	
623	 61.607	 1951.393	 -5.762	
625	 61.750	 1951.250	 -5.547	
626	 61.821	 1951.179	 -5.741	
627	 61.893	 1951.107	 -5.549	
629	 62.036	 1950.964	 -6.144	
630	 62.107	 1950.893	 -6.336	
631	 62.179	 1950.821	 -6.183	
632	 62.250	 1950.750	 -6.429	
633	 62.327	 1950.673	 -6.140	
635	 62.481	 1950.519	 -5.896	
637	 62.635	 1950.365	 -5.554	
638	 62.712	 1950.288	 -5.714	
639	 62.788	 1950.212	 -5.507	
641	 62.942	 1950.058	 -5.934	
643	 63.096	 1949.904	 -6.253	
644	 63.173	 1949.827	 -6.127	
645	 63.250	 1949.750	 -6.246	
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646	 63.333	 1949.667	 -6.234	
647	 63.417	 1949.583	 -6.225	
649	 63.583	 1949.417	 -5.881	
651	 63.750	 1949.250	 -6.107	
653	 63.917	 1949.083	 -5.372	
655	 64.083	 1948.917	 -5.985	
657	 64.250	 1948.750	 -6.371	
659	 64.375	 1948.625	 -6.108	
661	 64.500	 1948.500	 -6.116	
663	 64.625	 1948.375	 -6.056	
665	 64.750	 1948.250	 -5.693	
667	 64.875	 1948.125	 -5.593	
669	 65.000	 1948.000	 -5.650	
671	 65.125	 1947.875	 -5.844	
673	 65.250	 1947.750	 -6.657	
675	 65.361	 1947.639	 -6.560	
677	 65.472	 1947.528	 -6.228	
679	 65.583	 1947.417	 -6.178	
681	 65.694	 1947.306	 -5.916	
683	 65.806	 1947.194	 -5.697	
685	 65.917	 1947.083	 -5.681	
687	 66.028	 1946.972	 -5.824	
689	 66.139	 1946.861	 -6.294	
691	 66.250	 1946.750	 -6.380	
693	 66.361	 1946.639	 -6.314	
695	 66.472	 1946.528	 -6.096	
697	 66.583	 1946.417	 -5.812	
699	 66.694	 1946.306	 -5.693	
701	 66.806	 1946.194	 -5.576	
703	 66.917	 1946.083	 -5.641	
705	 67.028	 1945.972	 -6.454	
707	 67.139	 1945.861	 -6.070	
709	 67.250	 1945.750	 -6.989	
711	 67.417	 1945.583	 -5.856	
713	 67.583	 1945.417	 -5.583	
715	 67.750	 1945.250	 -5.480	
717	 67.917	 1945.083	 -5.579	
719	 68.083	 1944.917	 -6.313	
721	 68.250	 1944.750	 -6.673	
723	 68.393	 1944.607	 -6.500	
725	 68.536	 1944.464	 -6.391	
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727	 68.679	 1944.321	 -6.267	
729	 68.821	 1944.179	 -5.583	
731	 68.964	 1944.036	 -5.509	
733	 69.107	 1943.893	 -5.890	
735	 69.250	 1943.750	 -6.427	
737	 69.393	 1943.607	 -6.225	
739	 69.536	 1943.464	 -6.288	
741	 69.679	 1943.321	 -6.320	
743	 69.821	 1943.179	 -6.196	
745	 69.964	 1943.036	 -5.836	
747	 70.107	 1942.893	 -5.861	
749	 70.250	 1942.750	 -6.341	
751	 70.361	 1942.639	 -6.291	
753	 70.472	 1942.528	 -6.151	
755	 70.583	 1942.417	 -6.432	
757	 70.694	 1942.306	 -5.760	
759	 70.806	 1942.194	 -5.745	
761	 70.917	 1942.083	 -5.691	
763	 71.028	 1941.972	 -6.101	
765	 71.139	 1941.861	 -6.256	
767	 71.250	 1941.750	 -6.346	
769	 71.393	 1941.607	 -5.935	
771	 71.536	 1941.464	 -5.853	
773	 71.679	 1941.321	 -5.567	
775	 71.821	 1941.179	 -5.410	
777	 71.964	 1941.036	 -5.803	
779	 72.107	 1940.893	 -6.267	
781	 72.250	 1940.750	 -6.328	
783	 72.393	 1940.607	 -5.856	
785	 72.536	 1940.464	 -5.832	
787	 72.679	 1940.321	 -5.903	
789	 72.821	 1940.179	 -5.695	
791	 72.964	 1940.036	 -5.735	
793	 73.107	 1939.893	 -5.564	
795	 73.250	 1939.750	 -6.299	
797	 73.375	 1939.625	 -6.072	
799	 73.500	 1939.500	 -6.061	
801	 73.625	 1939.375	 -5.951	
803	 73.750	 1939.250	 -6.156	
805	 73.875	 1939.125	 -5.566	
807	 74.000	 1939.000	 -5.244	
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809	 74.125	 1938.875	 -5.891	
811	 74.250	 1938.750	 -6.645	
813	 74.417	 1938.583	 -6.289	
815	 74.583	 1938.417	 -6.318	
817	 74.750	 1938.250	 -6.266	
819	 74.917	 1938.083	 -5.434	
821	 75.083	 1937.917	 -5.411	
823	 75.250	 1937.750	 -6.471	
825	 75.375	 1937.625	 -6.250	
827	 75.500	 1937.500	 -6.174	
829	 75.625	 1937.375	 -5.764	
831	 75.750	 1937.250	 -5.733	
833	 75.875	 1937.125	 -6.006	
835	 76.000	 1937.000	 -6.280	
837	 76.125	 1936.875	 -6.211	
839	 76.250	 1936.750	 -6.725	
841	 76.417	 1936.583	 -5.544	
843	 76.583	 1936.417	 -5.429	
845	 76.750	 1936.250	 -6.369	
847	 76.917	 1936.083	 -6.174	
849	 77.083	 1935.917	 -6.231	
851	 77.250	 1935.750	 -6.288	
853	 77.450	 1935.550	 -6.051	
855	 77.650	 1935.350	 -5.563	
857	 77.850	 1935.150	 -5.460	
859	 78.050	 1934.950	 -6.567	
861	 78.250	 1934.750	 -6.706	
863	 78.375	 1934.625	 -6.347	
865	 78.500	 1934.500	 -6.178	
867	 78.625	 1934.375	 -5.831	
869	 78.750	 1934.250	 -5.630	
871	 78.875	 1934.125	 -5.417	
873	 79.000	 1934.000	 -5.804	
875	 79.125	 1933.875	 -6.404	
877	 79.250	 1933.750	 -6.565	
879	 79.341	 1933.659	 -6.239	
881	 79.432	 1933.568	 -5.984	
883	 79.523	 1933.477	 -5.842	
885	 79.614	 1933.386	 -5.501	
887	 79.705	 1933.295	 -5.556	
889	 79.795	 1933.205	 -5.666	
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891	 79.886	 1933.114	 -6.257	
893	 79.977	 1933.023	 -6.364	
895	 80.068	 1932.932	 -6.356	
897	 80.159	 1932.841	 -6.508	
899	 80.250	 1932.750	 -6.582	
901	 80.393	 1932.607	 -6.280	
903	 80.536	 1932.464	 -6.184	
905	 80.679	 1932.321	 -5.864	
907	 80.821	 1932.179	 -5.740	
909	 80.964	 1932.036	 -5.418	
911	 81.107	 1931.893	 -5.985	
913	 81.250	 1931.750	 -6.205	
915	 81.417	 1931.583	 -5.895	
917	 81.583	 1931.417	 -5.708	
919	 81.750	 1931.250	 -5.327	
921	 81.917	 1931.083	 -5.251	
923	 82.083	 1930.917	 -5.514	
925	 82.250	 1930.750	 -6.327	
927	 82.417	 1930.583	 -5.983	
929	 82.583	 1930.417	 -6.114	
931	 82.750	 1930.250	 -5.819	
933	 82.917	 1930.083	 -5.567	
935	 83.083	 1929.917	 -6.195	
937	 83.250	 1929.750	 -6.565	
939	 83.417	 1929.583	 -6.360	
941	 83.583	 1929.417	 -6.096	
943	 83.750	 1929.250	 -5.646	
945	 83.917	 1929.083	 -5.369	
947	 84.083	 1928.917	 -5.799	
949	 84.250	 1928.750	 -6.485	
951	 84.417	 1928.583	 -6.236	
953	 84.583	 1928.417	 -6.242	
955	 84.750	 1928.250	 -5.693	
957	 84.917	 1928.083	 -5.634	
959	 85.083	 1927.917	 -5.736	
961	 85.250	 1927.750	 -6.418	
963	 85.417	 1927.583	 -6.340	
965	 85.583	 1927.417	 -6.166	
967	 85.750	 1927.250	 -6.022	
969	 85.917	 1927.083	 -5.474	
971	 86.083	 1926.917	 -5.317	
	 	 275	
973	 86.250	 1926.750	 -6.287	
975	 86.393	 1926.607	 -6.046	
977	 86.536	 1926.464	 -5.951	
979	 86.679	 1926.321	 -5.657	
981	 86.821	 1926.179	 -5.487	
983	 86.964	 1926.036	 -5.363	
985	 87.107	 1925.893	 -5.867	
987	 87.250	 1925.750	 -6.435	
989	 87.341	 1925.659	 -5.430	
991	 87.432	 1925.568	 -5.437	
993	 87.523	 1925.477	 -5.933	
995	 87.614	 1925.386	 -5.901	
997	 87.705	 1925.295	 -5.752	
999	 87.795	 1925.205	 -5.568	
1001	 87.886	 1925.114	 -5.374	
1003	 87.977	 1925.023	 -5.628	
1007	 88.159	 1924.841	 -5.998	
1009	 88.250	 1924.750	 -6.036	
1011	 88.450	 1924.550	 -5.877	
1013	 88.650	 1924.350	 -5.436	
1015	 88.850	 1924.150	 -5.605	
1017	 89.050	 1923.950	 -5.888	
1019	 89.250	 1923.750	 -6.161	
1021	 89.417	 1923.583	 -5.993	
1023	 89.583	 1923.417	 -5.635	
1025	 89.750	 1923.250	 -5.741	
1027	 89.917	 1923.083	 -5.653	
1029	 90.083	 1922.917	 -6.099	
1031	 90.250	 1922.750	 -6.326	
1033	 90.450	 1922.550	 -5.961	
1035	 90.650	 1922.350	 -6.079	
1037	 90.850	 1922.150	 -5.791	
1039	 91.050	 1921.950	 -5.794	
1041	 91.250	 1921.750	 -6.281	
1043	 91.393	 1921.607	 -6.005	
1045	 91.536	 1921.464	 -5.659	
1047	 91.679	 1921.321	 -5.665	
1049	 91.821	 1921.179	 -5.842	
1051	 91.964	 1921.036	 -6.119	
1053	 92.107	 1920.893	 -6.201	
1055	 92.250	 1920.750	 -6.213	
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1057	 92.450	 1920.550	 -5.987	
1059	 92.650	 1920.350	 -5.458	
1061	 92.850	 1920.150	 -5.484	
1063	 93.050	 1919.950	 -5.836	
1065	 93.250	 1919.750	 -5.969	
1067	 93.393	 1919.607	 -5.935	
1069	 93.536	 1919.464	 -5.803	
1071	 93.679	 1919.321	 -5.517	
1073	 93.821	 1919.179	 -5.555	
1075	 93.964	 1919.036	 -5.361	
1077	 94.107	 1918.893	 -5.632	
1079	 94.250	 1918.750	 -6.290	
1081	 94.341	 1918.659	 -6.141	
1083	 94.432	 1918.568	 -5.947	
1085	 94.523	 1918.477	 -5.471	
1087	 94.614	 1918.386	 -5.451	
1089	 94.705	 1918.295	 -5.551	
1091	 94.795	 1918.205	 -6.188	
1093	 94.886	 1918.114	 -5.715	
1095	 94.977	 1918.023	 -5.246	
1097	 95.068	 1917.932	 -5.212	
1099	 95.159	 1917.841	 -5.592	
1101	 95.250	 1917.750	 -5.774	
1103	 95.393	 1917.607	 -5.727	
1105	 95.536	 1917.464	 -5.574	
1107	 95.679	 1917.321	 -5.626	
1109	 95.821	 1917.179	 -5.696	
1111	 95.964	 1917.036	 -5.879	
1113	 96.107	 1916.893	 -6.125	
1115	 96.250	 1916.750	 -6.287	
1117	 96.393	 1916.607	 -6.276	
1119	 96.536	 1916.464	 -5.974	
1121	 96.679	 1916.321	 -5.550	
1123	 96.821	 1916.179	 -5.547	
1125	 96.964	 1916.036	 -5.674	
1127	 97.107	 1915.893	 -5.977	
1129	 97.250	 1915.750	 -6.148	
1131	 97.361	 1915.639	 -5.915	
1133	 97.472	 1915.528	 -5.789	
1135	 97.583	 1915.417	 -5.576	
1137	 97.694	 1915.306	 -5.305	
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1139	 97.806	 1915.194	 -6.063	
1141	 97.917	 1915.083	 -5.643	
1143	 98.028	 1914.972	 -5.290	
1145	 98.139	 1914.861	 -6.178	
1147	 98.250	 1914.750	 -6.461	
1149	 98.375	 1914.625	 -6.230	
1151	 98.500	 1914.500	 -6.454	
1153	 98.625	 1914.375	 -6.022	
1155	 98.750	 1914.250	 -5.682	
1157	 98.875	 1914.125	 -5.632	
1159	 99.000	 1914.000	 -5.545	
1161	 99.125	 1913.875	 -6.076	
1163	 99.250	 1913.750	 -6.290	
1165	 99.393	 1913.607	 -6.223	
1167	 99.536	 1913.464	 -6.214	
1169	 99.679	 1913.321	 -6.171	
1171	 99.821	 1913.179	 -5.682	
1173	 99.964	 1913.036	 -5.618	
1175	 100.107	 1912.893	 -5.841	
1177	 100.250	 1912.750	 -6.456	
1179	 100.361	 1912.639	 -6.396	
1181	 100.472	 1912.528	 -6.097	
1183	 100.583	 1912.417	 -6.327	
1185	 100.694	 1912.306	 -6.114	
1187	 100.806	 1912.194	 -5.564	
1189	 100.917	 1912.083	 -5.306	
1191	 101.028	 1911.972	 -5.597	
1193	 101.139	 1911.861	 -6.256	
1195	 101.250	 1911.750	 -6.732	
1197	 101.341	 1911.659	 -6.395	
1199	 101.432	 1911.568	 -6.602	
1201	 101.523	 1911.477	 -6.501	
1203	 101.614	 1911.386	 -6.250	
1205	 101.705	 1911.295	 -5.911	
1207	 101.795	 1911.205	 -5.678	
1209	 101.886	 1911.114	 -5.690	
1211	 101.977	 1911.023	 -5.775	
1215	 102.159	 1910.841	 -6.219	
1217	 102.250	 1910.750	 -6.311	
1219	 102.341	 1910.659	 -5.891	
1221	 102.432	 1910.568	 -5.763	
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1223	 102.523	 1910.477	 -5.744	
1225	 102.614	 1910.386	 -5.588	
1227	 102.705	 1910.295	 -5.251	
1229	 102.795	 1910.205	 -5.136	
1231	 102.886	 1910.114	 -5.228	
1233	 102.977	 1910.023	 -5.258	
1235	 103.068	 1909.932	 -5.548	
1237	 103.159	 1909.841	 -5.857	
1239	 103.250	 1909.750	 -6.143	
1241	 103.350	 1909.650	 -6.023	
1243	 103.450	 1909.550	 -5.820	
1245	 103.550	 1909.450	 -5.906	
1247	 103.650	 1909.350	 -5.995	
1249	 103.750	 1909.250	 -5.518	
1251	 103.850	 1909.150	 -5.176	
1253	 103.950	 1909.050	 -5.076	
1255	 104.050	 1908.950	 -5.307	
1257	 104.150	 1908.850	 -5.564	
1259	 104.250	 1908.750	 -6.050	
1261	 104.361	 1908.639	 -5.974	
1263	 104.472	 1908.528	 -5.918	
1265	 104.583	 1908.417	 -5.848	
1267	 104.694	 1908.306	 -5.763	
1269	 104.806	 1908.194	 -5.597	
1271	 104.917	 1908.083	 -5.596	
1273	 105.028	 1907.972	 -5.658	
1275	 105.139	 1907.861	 -5.809	
1277	 105.250	 1907.750	 -6.055	
1279	 105.450	 1907.550	 -5.866	
1281	 105.650	 1907.350	 -6.070	
1283	 105.850	 1907.150	 -6.103	
1285	 106.050	 1906.950	 -6.123	
1287	 106.250	 1906.750	 -6.222	
1289	 106.375	 1906.625	 -5.888	
1291	 106.500	 1906.500	 -5.867	
1293	 106.625	 1906.375	 -5.277	
1295	 106.750	 1906.250	 -5.505	
1297	 106.875	 1906.125	 -5.880	
1299	 107.000	 1906.000	 -5.870	
1301	 107.125	 1905.875	 -5.901	
1303	 107.250	 1905.750	 -6.502	
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1305	 107.341	 1905.659	 -6.204	
1307	 107.432	 1905.568	 -6.346	
1309	 107.523	 1905.477	 -6.306	
1311	 107.614	 1905.386	 -5.960	
1313	 107.705	 1905.295	 -5.700	
1315	 107.795	 1905.205	 -5.737	
1317	 107.886	 1905.114	 -5.875	
1319	 107.977	 1905.023	 -5.956	
1321	 108.068	 1904.932	 -5.992	
1323	 108.159	 1904.841	 -6.102	
1325	 108.250	 1904.750	 -6.260	
1327	 108.361	 1904.639	 -6.044	
1329	 108.472	 1904.528	 -5.678	
1331	 108.583	 1904.417	 -5.512	
1333	 108.694	 1904.306	 -5.155	
1335	 108.806	 1904.194	 -5.473	
1337	 108.917	 1904.083	 -6.063	
1339	 109.028	 1903.972	 -6.477	
1341	 109.139	 1903.861	 -6.152	
1343	 109.250	 1903.750	 -6.216	
1345	 109.417	 1903.583	 -6.068	
1347	 109.583	 1903.417	 -5.725	
1349	 109.750	 1903.250	 -5.538	
1351	 109.917	 1903.083	 -5.721	
1353	 110.083	 1902.917	 -5.871	
1355	 110.250	 1902.750	 -6.225	
1357	 110.361	 1902.639	 -5.987	
1359	 110.472	 1902.528	 -5.888	
1361	 110.583	 1902.417	 -5.822	
1363	 110.694	 1902.306	 -5.657	
1365	 110.806	 1902.194	 -5.412	
1367	 110.917	 1902.083	 -5.597	
1369	 111.028	 1901.972	 -5.761	
1371	 111.139	 1901.861	 -6.042	
1373	 111.250	 1901.750	 -6.337	
1375	 111.341	 1901.659	 -6.274	
1377	 111.432	 1901.568	 -6.396	
1379	 111.523	 1901.477	 -6.146	
1381	 111.614	 1901.386	 -6.384	
1383	 111.705	 1901.295	 -6.022	
1385	 111.795	 1901.205	 -5.674	
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1387	 111.886	 1901.114	 -5.467	
1389	 111.977	 1901.023	 -5.482	
1391	 112.068	 1900.932	 -5.729	
1393	 112.159	 1900.841	 -6.215	
1395	 112.250	 1900.750	 -6.257	
1397	 112.341	 1900.659	 -6.230	
1399	 112.432	 1900.568	 -6.316	
1401	 112.523	 1900.477	 -6.269	
1403	 112.614	 1900.386	 -6.012	
1405	 112.705	 1900.295	 -5.886	
1407	 112.795	 1900.205	 -5.660	
1409	 112.886	 1900.114	 -5.636	
1411	 112.977	 1900.023	 -5.864	
1413	 113.068	 1899.932	 -6.165	
1415	 113.159	 1899.841	 -6.336	
1417	 113.250	 1899.750	 -6.491	
1419	 113.350	 1899.650	 -6.255	
1421	 113.450	 1899.550	 -5.985	
1423	 113.550	 1899.450	 -6.052	
1425	 113.650	 1899.350	 -5.972	
1427	 113.750	 1899.250	 -5.717	
1429	 113.850	 1899.150	 -5.487	
1431	 113.950	 1899.050	 -5.654	
1433	 114.050	 1898.950	 -5.886	
1435	 114.150	 1898.850	 -6.478	
1437	 114.250	 1898.750	 -6.696	
1439	 114.361	 1898.639	 -6.440	
1441	 114.472	 1898.528	 -6.178	
1443	 114.583	 1898.417	 -6.005	
1445	 114.694	 1898.306	 -5.812	
1447	 114.806	 1898.194	 -5.456	
1449	 114.917	 1898.083	 -5.572	
1451	 115.028	 1897.972	 -5.462	
1453	 115.139	 1897.861	 -6.179	
1455	 115.250	 1897.750	 -6.862	
1457	 115.327	 1897.673	 -6.629	
1459	 115.404	 1897.596	 -6.374	
1461	 115.481	 1897.519	 -6.406	
1463	 115.558	 1897.442	 -6.456	
1465	 115.635	 1897.365	 -6.364	
1467	 115.712	 1897.288	 -6.003	
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1469	 115.788	 1897.212	 -5.878	
1471	 115.865	 1897.135	 -5.713	
1473	 115.942	 1897.058	 -5.826	
1475	 116.019	 1896.981	 -6.061	
1477	 116.096	 1896.904	 -6.332	
1479	 116.173	 1896.827	 -6.656	
1481	 116.250	 1896.750	 -6.665	
1483	 116.350	 1896.650	 -6.231	
1485	 116.450	 1896.550	 -6.452	
1487	 116.550	 1896.450	 -5.770	
1489	 116.650	 1896.350	 -5.663	
1491	 116.750	 1896.250	 -5.656	
1493	 116.850	 1896.150	 -6.050	
1495	 116.950	 1896.050	 -6.200	
1497	 117.050	 1895.950	 -5.863	
1499	 117.150	 1895.850	 -6.113	
1501	 117.250	 1895.750	 -6.221	
1503	 117.393	 1895.607	 -5.924	
1505	 117.536	 1895.464	 -5.674	
1507	 117.679	 1895.321	 -5.462	
1509	 117.821	 1895.179	 -5.460	
1511	 117.964	 1895.036	 -5.644	
1513	 118.107	 1894.893	 -5.836	
1515	 118.250	 1894.750	 -6.322	
1517	 118.472	 1894.528	 -6.156	
1519	 118.694	 1894.306	 -6.144	
1521	 118.917	 1894.083	 -6.303	
1523	 119.139	 1893.861	 -6.343	
1524	 119.250	 1893.750	 -6.345	
1525	 119.327	 1893.673	 -6.332	
1526	 119.404	 1893.596	 -6.025	
1527	 119.481	 1893.519	 -6.265	
1528	 119.558	 1893.442	 -5.892	
1529	 119.635	 1893.365	 -5.734	
1530	 119.712	 1893.288	 -5.530	
1531	 119.788	 1893.212	 -5.453	
1532	 119.865	 1893.135	 -5.432	
1533	 119.942	 1893.058	 -5.529	
1534	 120.019	 1892.981	 -5.567	
1535	 120.096	 1892.904	 -5.551	
1536	 120.173	 1892.827	 -5.774	
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1537	 120.250	 1892.750	 -6.342	
1538	 120.333	 1892.667	 -6.281	
1539	 120.417	 1892.583	 -6.483	
1540	 120.500	 1892.500	 -6.410	
1541	 120.583	 1892.417	 -6.762	
1542	 120.667	 1892.333	 -6.574	
1543	 120.750	 1892.250	 -6.304	
1544	 120.833	 1892.167	 -6.366	
1545	 120.917	 1892.083	 -6.523	
1546	 121.000	 1892.000	 -6.431	
1547	 121.083	 1891.917	 -6.705	
1549	 121.250	 1891.750	 -6.695	
1551	 121.375	 1891.625	 -6.209	
1553	 121.500	 1891.500	 -6.398	
1555	 121.625	 1891.375	 -6.201	
1557	 121.750	 1891.250	 -5.746	
1559	 121.875	 1891.125	 -5.599	
1561	 122.000	 1891.000	 -5.532	
1563	 122.125	 1890.875	 -6.170	
1565	 122.250	 1890.750	 -6.663	
1567	 122.350	 1890.650	 -6.159	
1569	 122.450	 1890.550	 -6.132	
1571	 122.550	 1890.450	 -6.124	
1573	 122.650	 1890.350	 -5.988	
1575	 122.750	 1890.250	 -5.718	
1577	 122.850	 1890.150	 -5.610	
1581	 123.050	 1889.950	 -6.143	
1583	 123.150	 1889.850	 -6.451	
1585	 123.250	 1889.750	 -6.543	
1587	 123.393	 1889.607	 -6.513	
1589	 123.536	 1889.464	 -6.347	
1591	 123.679	 1889.321	 -5.830	
1593	 123.821	 1889.179	 -5.731	
1595	 123.964	 1889.036	 -5.652	
1597	 124.107	 1888.893	 -6.087	
1599	 124.250	 1888.750	 -6.614	
1601	 124.333	 1888.667	 -6.124	
1603	 124.417	 1888.583	 -5.996	
1605	 124.500	 1888.500	 -5.745	
1607	 124.583	 1888.417	 -5.577	
1609	 124.667	 1888.333	 -5.542	
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1611	 124.750	 1888.250	 -6.031	
1613	 124.833	 1888.167	 -6.163	
1615	 124.917	 1888.083	 -6.317	
1617	 125.000	 1888.000	 -6.281	
1619	 125.083	 1887.917	 -6.215	
1623	 125.250	 1887.750	 -6.552	
1624	 125.350	 1887.650	 -6.080	
1626	 125.550	 1887.450	 -5.908	
1627	 125.650	 1887.350	 -5.643	
1628	 125.750	 1887.250	 -5.553	
1629	 125.850	 1887.150	 -5.443	
1630	 125.950	 1887.050	 -5.625	
1631	 126.050	 1886.950	 -5.539	
1632	 126.150	 1886.850	 -6.045	
1633	 126.250	 1886.750	 -6.322	
1634	 126.341	 1886.659	 -6.445	
1635	 126.432	 1886.568	 -6.433	
1636	 126.523	 1886.477	 -6.242	
1637	 126.614	 1886.386	 -6.227	
1638	 126.705	 1886.295	 -6.032	
1639	 126.795	 1886.205	 -5.995	
1640	 126.886	 1886.114	 -6.290	
1641	 126.977	 1886.023	 -6.153	
1642	 127.068	 1885.932	 -6.273	
1643	 127.159	 1885.841	 -6.259	
1644	 127.250	 1885.750	 -6.342	
1645	 127.309	 1885.691	 -6.286	
1647	 127.426	 1885.574	 -5.891	
1649	 127.544	 1885.456	 -5.494	
1651	 127.662	 1885.338	 -5.532	
1653	 127.779	 1885.221	 -5.455	
1655	 127.897	 1885.103	 -5.896	
1657	 128.015	 1884.985	 -5.636	
1659	 128.132	 1884.868	 -6.187	
1661	 128.250	 1884.750	 -6.248	
1663	 128.417	 1884.583	 -6.065	
1665	 128.583	 1884.417	 -5.917	
1667	 128.750	 1884.250	 -5.957	
1669	 128.917	 1884.083	 -5.795	
1671	 129.083	 1883.917	 -5.839	
1673	 129.250	 1883.750	 -6.802	
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1675	 129.375	 1883.625	 -6.230	
1677	 129.500	 1883.500	 -6.068	
1679	 129.625	 1883.375	 -5.970	
1681	 129.750	 1883.250	 -5.682	
1683	 129.875	 1883.125	 -5.803	
1685	 130.000	 1883.000	 -6.167	
1687	 130.125	 1882.875	 -5.982	
1689	 130.250	 1882.750	 -6.374	
1691	 130.375	 1882.625	 -6.376	
1693	 130.500	 1882.500	 -6.298	
1695	 130.625	 1882.375	 -6.027	
1699	 130.875	 1882.125	 -5.463	
1701	 131.000	 1882.000	 -5.592	
1703	 131.125	 1881.875	 -5.867	
1705	 131.250	 1881.750	 -6.701	
1707	 131.375	 1881.625	 -6.218	
1709	 131.500	 1881.500	 -6.544	
1711	 131.625	 1881.375	 -6.158	
1713	 131.750	 1881.250	 -5.895	
1715	 131.875	 1881.125	 -5.928	
1717	 132.000	 1881.000	 -5.675	
1719	 132.125	 1880.875	 -5.941	
1721	 132.250	 1880.750	 -6.880	
1723	 132.361	 1880.639	 -6.822	
1725	 132.472	 1880.528	 -6.247	
1727	 132.583	 1880.417	 -6.122	
1729	 132.694	 1880.306	 -6.226	
1731	 132.806	 1880.194	 -6.179	
1733	 132.917	 1880.083	 -5.833	
1735	 133.028	 1879.972	 -5.275	
1737	 133.139	 1879.861	 -5.694	
1739	 133.250	 1879.750	 -6.159	
1741	 133.361	 1879.639	 -6.021	
1743	 133.472	 1879.528	 -6.159	
1745	 133.583	 1879.417	 -6.025	
1747	 133.694	 1879.306	 -5.901	
1749	 133.806	 1879.194	 -5.774	
1751	 133.917	 1879.083	 -5.482	
1753	 134.028	 1878.972	 -5.628	
1755	 134.139	 1878.861	 -5.939	
1757	 134.250	 1878.750	 -6.478	
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1759	 134.361	 1878.639	 -6.409	
1761	 134.472	 1878.528	 -6.238	
1763	 134.583	 1878.417	 -6.163	
1765	 134.694	 1878.306	 -5.936	
1767	 134.806	 1878.194	 -5.475	
1769	 134.917	 1878.083	 -5.308	
1771	 135.028	 1877.972	 -5.781	
1773	 135.139	 1877.861	 -6.509	
1775	 135.250	 1877.750	 -6.823	
1777	 135.361	 1877.639	 -6.539	
1779	 135.472	 1877.528	 -6.470	
1781	 135.583	 1877.417	 -6.313	
1783	 135.694	 1877.306	 -6.131	
1785	 135.806	 1877.194	 -5.815	
1787	 135.917	 1877.083	 -5.846	




Appendix C: Supplementary Material for Chapter 4, A modern Sr/Ca-δ18O-sea surface 
temperature calibration for Isopora corals on the Great Barrier Reef 
 
Comparison of Hydrographic Sea Surface Temperature (SST) Data Products 
When developing a calibration it is necessary to take any inconsistencies between 
the data products into account in order to calculate a robust conversion factor. We 
calculated Sr/Ca- and δ18O-SST sensitivities based on three different SST data products, 
ERSST v3b (Smith et al., 2008), CAC (Woodruff et al., 1993; Reynolds and Smith, 
1994), IGOSS (Reynolds et al., 2002), and a compilation of CAC+IGOSS. ERSST v3b is 
a gridded global monthly SST data product from ICOADS data with statistical 
interpolation in data-sparse areas derived from (Xue et al., 2003; Smith et al., 2008). The 
ERSST v3b grids are 2°×2° degrees and extend back to 1880 (v1, 2 extends to 1854). 
CAC is based on interpolated in situ ship and buoy data and extends from 1970 to 2003 at 
a 2°×2° degree interval. Original CAC data spans 1970-1981 at which point the new 
1°×1° IGOSS product was regridded to 2°×2° to mimic the older data (Woodruff et al., 
1993; Reynolds & Smith, 1994). IGOSS is a combination of satellite and in situ data 
replacing its predecessor CAC. The IGOSS dataset begins in 1981 and is presented in 
1°×1° quadrats (Reynolds & Smith, 1994).  While in situ Heron Island float temperature 
data from 6 m depth is available from 2008-2013, it was not used in calibration 
development since it did not extend back to the 1970s when 3 of the corals in our study 
were growing.  
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 The most evident difference between the data products is the variation in the 
annual amplitude. The average annual amplitude is 5.4 °C for ERSST v3b, 6 °C for CAC, 
7 °C for IGOSS, and 6.4 °C for the IGOSS+CAC compilation. The annual amplitude in 
the float data was 5.9 °C. The ERSST v3b dataset matched well with IGOSS at the 
annual SST maxima but was warmer than the available float data, however, its minima 
were about 1.5° warmer than both IGOSS and the float data, essentially shifting the 
annual oscillation towards warmer temperatures (Figure S1). The float data minima 
appeared to correlate well with the IGOSS minima throughout. While the CAC annual 
SST maxima were in accord with IGOSS back to 1970, the CAC minima are about 0.5° 
warmer, similar to the relationship between ERSST and IGOSS. There are minimal 
discrepancies between the data product-specific SST sensitivities. See Tables S2-S4 for a 
complete comparison of the composite coral and the various data products. The in situ 
float data plays an important role in the calibration process by groundtruthing the 
interpolated instrumental and satellite data. The float data as well as measurements by 
Potts & Swart (1984) agree with the larger grid data products (i.e. ERSST and IGOSS) 
(Figure S1). 
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Sample Error Propagation Calculation 
 
In order to understand where and when our calibrations are most appropriate it is 
important to know the error associated with calculations based on the regressions. 
Propogation of erorr allows us to determine how uncertainty in each variable impacts the 
results of a regression. Calculations were based on the propogation of error methodology 
outlined in Data Reduction and Error Analysis for the Physical Sciences by Bevington 
and Robinson (2013).  The calculation is a first order Taylor expansion with known 
uncertainty for all three terms denoted by ESr/Ca (Eδ18O) for the Sr/Ca (δ18O) 
measurements, Eb for the intercept, and Em for the slope. The generalized propogated 
error calculation for Sr/Ca regressions is as follows:  
!!"!"!× ! !!"! !"!"
! + !!!× ! !!"! ! ! +  !!!× ! !!"! ! !  
 
Therefore, we calculated the propagated error for ERSST RMA and GLS regressions 
with results in Table S1. The increase in the propagated error associated with the GLS 






















Table S1. Correlation Coefficients (R-Values) and regression-specific propagated error 
















Sr/Ca Raw -0.58 1.33 4.08 
Sr/Ca Cent. -0.77 1.76 3.07 
δ18O Raw -0.68 1.50 3.98 
δ18O Cent. -0.67 1.52 4.22 










Figure S1. Comparison of sea surface temperature (SST) data products: ERSST v3b 
(black dash), IGOSS (black), and CAC (grey) are centered about Heron Island Reef 
(HIR) and in situ float data (6 m depth) (red).  The annual cycle is large, ranging from 
about 6-8 °C per year, depending on the data product. The float data is largely in accord 











































Figure S2. Raw (uncentered) δ18O (top) and Sr/Ca (bottom) records from 5 corals. Note 
the inverted y-axes to account for the exothermic reaction of Sr replacing Ca. All corals 
















Figure S3. Composite raw (uncentered) δ18O (top) Sr/Ca (bottom) records  based on five 





























Figure S4. Composite raw δ18O and Sr/Ca records based on five individual corals. Error 
bars are the standard deviation of the corals contributing to the composite at a given time. 










Table S2. Comparison of average annual amplitude for various SST data products and 
Pearson’s product-moment correlation coefficients (R) for the Sr/Ca- and δ18O-SST 






















5.4 -0.57 -0.77 -0.68 -0.67 
CAC 1970-
2003 
6.0 -0.74 -0.80 -0.75 -0.70 
IGOSS 2007-
2013 
7.0 -0.70 -0.73 -0.78 -0.77 
CAC+IGOSS 1970-
2013 
6.4 -0.52 -0.76 -0.66 -0.65 
Average 1970-
2014 










































Table S3.  Summary of the Sr/Ca- SST calibrations based on ERSST v3b. Equations are 
in the form of Sr/Ca (mmol mol-1) = m×SST (°C)+b. The slope, m, is the sensitivity in 
mmol/mol/°C.  
  
Coral Proxy Regression Slope (m) Slope error(±) Intercept (b) Intercept Error (±)
Sr/Ca ERSST
(Raw)
RMA -0.083 0.007 11.37 0.02
Sr/Ca ERSST
(Centered)
RMA -0.061 0.004 1.56 0.01
Sr/Ca ERSST
(Raw)
GLS -0.048 0.007 10.48 0.18
Sr/Ca ERSST
(Centered)
GLS -0.047 0.004 1.20 0.10
Sr/Ca IGOSS
(Raw)
RMA -0.055 0.006 10.48 0.02
Sr/Ca IGOSS
(Centered)
RMA -0.052 0.005 1.27 0.02
Sr/Ca IGOSS
(Raw)
GLS -0.039 0.006 10.09 0.16
Sr/Ca IGOSS
(Centered)
GLS -0.038 0.005 0.93 0.15
Sr/Ca CAC
(Raw)
RMA -0.060 0.005 10.84 0.01
Sr/Ca CAC
(Centered)
RMA -0.056 0.004 1.40 0.01
Sr/Ca CAC
(Raw)
GLS -0.044 0.005 10.44 0.14
Sr/Ca CAC
(Centered)
























































Table S4. Summary of the δ18O-SST calibrations based on ERSST v3b. Equations are in 
the form of δ18O (‰) = m×SST (°C)+b. The slope, m, is the sensitivity in ‰/°C. 
  
Coral Proxy Regression Slope (m) Slope error(±) Intercept (b) Intercept Error (±)
δ18O ERSST
(Raw)
RMA -0.185 -0.014 0.65 0.04
δ18O ERSST
(Centered)
RMA -0.184 0.014 4.66 0.04
δ18O ERSST
(Raw)
GLS -0.126 0.014 -0.84 0.35
δ18O ERSST
(Centered)
GLS -0.124 0.014 3.13 0.36
δ18O IGOSS
(Raw)
RMA -0.157 0.016 -0.38 0.05
δ18O IGOSS
(Centered)
RMA -0.160 0.017 3.75 0.05
δ18O IGOSS
(Raw)
GLS -0.123 0.016 -1.21 0.41
δ18O IGOSS
(Centered)
GLS -0.123 0.017 2.84 0.43
δ18O CAC (Raw)
RMA -0.137 0.011 -0.52 0.03
δ18O CAC
(Centered)
RMA -0.1391 0.013 3.55 0.04
δ18O CAC (Raw)
GLS -0.102 0.012 -1.38 0.30
δ18O CAC
(Centered)
















GLS -0.106 0.012 2.61 0.32
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0	 0.583	 2012.417	 9.183	
2	 0.611	 2012.389	 9.113	
3	 0.639	 2012.361	 9.096	
4	 0.667	 2012.333	 9.131	
5	 0.694	 2012.306	 9.174	
6	 0.722	 2012.278	 9.067	
7	 0.750	 2012.250	 9.014	
8	 0.778	 2012.222	 9.027	
9	 0.805	 2012.195	 8.978	
10	 0.833	 2012.167	 8.961	
11	 0.896	 2012.104	 9.089	
12	 0.958	 2012.042	 9.140	
13	 1.021	 2011.979	 9.072	
14	 1.083	 2011.917	 9.270	
15	 1.119	 2011.881	 9.325	
16	 1.155	 2011.845	 9.392	
17	 1.190	 2011.810	 9.347	
18	 1.226	 2011.774	 9.353	
19	 1.262	 2011.738	 9.408	
20	 1.297	 2011.703	 9.416	
21	 1.333	 2011.667	 9.481	
22	 1.369	 2011.631	 9.468	
23	 1.405	 2011.595	 9.434	
24	 1.440	 2011.560	 9.278	
25	 1.476	 2011.524	 9.370	
26	 1.512	 2011.488	 9.339	
27	 1.548	 2011.452	 9.230	
28	 1.583	 2011.417	 9.222	
29	 1.625	 2011.375	 9.173	
30	 1.667	 2011.333	 9.129	
31	 1.708	 2011.292	 9.157	
32	 1.750	 2011.250	 9.111	
33	 1.791	 2011.209	 9.120	
34	 1.833	 2011.167	 9.113	
35	 1.864	 2011.136	 9.108	
36	 1.896	 2011.104	 9.130	
37	 1.927	 2011.073	 9.188	
38	 1.958	 2011.042	 9.145	
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39	 1.989	 2011.011	 9.270	
40	 2.021	 2010.979	 9.378	
41	 2.052	 2010.948	 9.429	
42	 2.083	 2010.917	 9.296	
43	 2.133	 2010.867	 9.277	
44	 2.183	 2010.817	 9.332	
45	 2.233	 2010.767	 9.429	
46	 2.283	 2010.717	 9.466	
47	 2.333	 2010.667	 9.543	
48	 2.383	 2010.617	 9.539	















1	 0.417	 2012.583	 9.011	
2	 0.501	 2012.499	 8.988	
3	 0.586	 2012.414	 9.017	
4	 0.670	 2012.330	 9.047	
5	 0.724	 2012.276	 8.993	
6	 0.779	 2012.221	 8.927	
7	 0.833	 2012.167	 8.779	
8	 0.896	 2012.104	 8.952	
9	 0.958	 2012.042	 9.025	
10	 1.021	 2011.979	 8.969	
11	 1.083	 2011.917	 9.086	
12	 1.208	 2011.792	 8.897	
13	 1.333	 2011.667	 9.238	
14	 1.416	 2011.584	 9.224	
15	 1.500	 2011.500	 9.184	
16	 1.583	 2011.417	 9.175	
17	 1.646	 2011.354	 9.041	
18	 1.708	 2011.292	 8.984	
19	 1.771	 2011.229	 9.034	
20	 1.833	 2011.167	 9.056	
21	 1.896	 2011.104	 8.949	
22	 1.958	 2011.042	 8.963	
23	 2.021	 2010.979	 9.071	
24	 2.083	 2010.917	 9.155	
27	 2.233	 2010.767	 9.352	
28	 2.283	 2010.717	 9.264	
29	 2.333	 2010.667	 9.358	
30	 2.358	 2010.642	 9.345	
31	 2.383	 2010.617	 9.227	
32	 2.408	 2010.592	 9.231	
33	 2.433	 2010.567	 9.248	
34	 2.458	 2010.542	 9.200	
35	 2.483	 2010.517	 9.216	
36	 2.508	 2010.492	 9.160	
37	 2.533	 2010.467	 9.147	
38	 2.558	 2010.442	 9.053	
40	 2.833	 2010.167	 9.033	
41	 2.896	 2010.104	 8.939	
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42	 2.958	 2010.042	 8.926	
43	 3.021	 2009.979	 8.947	
44	 3.083	 2009.917	 9.107	
45	 3.119	 2009.881	 9.150	
46	 3.155	 2009.845	 9.202	
47	 3.190	 2009.810	 9.248	
48	 3.226	 2009.774	 9.149	
49	 3.262	 2009.738	 9.153	
50	 3.297	 2009.703	 9.174	
51	 3.333	 2009.667	 9.302	
















1	 3.417	 1976.583	 9.553	
2	 3.501	 1976.499	 9.422	
3	 3.586	 1976.414	 9.405	
4	 3.670	 1976.330	 9.408	
5	 3.732	 1976.268	 9.399	
6	 3.794	 1976.207	 9.306	
7	 3.855	 1976.145	 9.308	
8	 3.917	 1976.083	 9.088	
9	 3.980	 1976.020	 9.176	
10	 4.044	 1975.957	 9.243	
11	 4.107	 1975.893	 9.217	
12	 4.170	 1975.830	 9.299	
13	 4.211	 1975.789	 9.389	
14	 4.252	 1975.748	 9.363	
15	 4.294	 1975.707	 9.393	
16	 4.335	 1975.665	 9.306	
17	 4.376	 1975.624	 9.231	
18	 4.417	 1975.583	 9.367	
19	 4.670	 1975.330	 9.239	
20	 4.719	 1975.281	 9.251	
21	 4.769	 1975.231	 9.238	
22	 4.818	 1975.182	 9.133	
23	 4.868	 1975.132	 9.129	
24	 4.917	 1975.083	 9.123	
25	 4.949	 1975.051	 9.312	
26	 4.980	 1975.020	 9.265	
27	 5.012	 1974.988	 9.205	
28	 5.044	 1974.957	 9.279	
29	 5.075	 1974.925	 9.295	
30	 5.107	 1974.893	 9.242	
31	 5.138	 1974.862	 9.200	
32	 5.170	 1974.830	 9.307	
33	 5.232	 1974.768	 9.313	
34	 5.294	 1974.707	 9.332	
35	 5.355	 1974.645	 9.341	
36	 5.417	 1974.583	 9.441	
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37	 5.480	 1974.520	 9.389	
38	 5.544	 1974.457	 9.283	
39	 5.607	 1974.393	 9.374	
40	 5.670	 1974.330	 9.233	
41	 5.719	 1974.281	 9.379	
42	 5.769	 1974.231	 9.319	
43	 5.818	 1974.182	 9.169	
44	 5.868	 1974.132	 9.293	
45	 5.917	 1974.083	 9.220	
46	 6.044	 1973.957	 9.239	
47	 6.170	 1973.830	 9.339	
48	 6.232	 1973.768	 9.382	
49	 6.294	 1973.707	 9.553	
50	 6.355	 1973.645	 9.383	
51	 6.417	 1973.583	 9.513	
52	 6.459	 1973.541	 9.493	
53	 6.501	 1973.499	 9.411	
54	 6.544	 1973.457	 9.469	
55	 6.586	 1973.414	 9.446	
56	 6.628	 1973.372	 9.513	
57	 6.670	 1973.330	 9.222	
58	 6.719	 1973.281	 9.287	
59	 6.769	 1973.231	 9.352	
60	 6.818	 1973.182	 9.200	
61	 6.868	 1973.132	 9.241	
62	 6.917	 1973.083	 9.219	
63	 7.001	 1972.999	 9.175	
64	 7.086	 1972.914	 9.211	
65	 7.170	 1972.830	 9.441	
66	 7.417	 1972.583	 9.554	
67	 7.449	 1972.551	 9.512	
68	 7.480	 1972.520	 9.401	
69	 7.512	 1972.488	 9.462	
70	 7.544	 1972.457	 9.461	
71	 7.575	 1972.425	 9.443	
72	 7.607	 1972.393	 9.420	
73	 7.638	 1972.362	 9.389	
74	 7.670	 1972.330	 9.434	
75	 7.711	 1972.289	 9.373	
76	 7.752	 1972.248	 9.392	
77	 7.794	 1972.207	 9.353	
78	 7.835	 1972.165	 9.290	
79	 7.876	 1972.124	 9.247	
	 	 303	
80	 7.917	 1972.083	 9.194	
81	 7.980	 1972.021	 9.291	
82	 8.042	 1971.958	 9.240	
83	 8.105	 1971.896	 9.233	
84	 8.167	 1971.833	 9.419	
85	 8.230	 1971.771	 9.365	
86	 8.292	 1971.708	 9.441	
87	 8.355	 1971.646	 9.386	
88	 8.417	 1971.583	 9.479	
89	 8.480	 1971.521	 9.300	
91	 8.605	 1971.396	 9.234	
92	 8.667	 1971.333	 9.258	
93	 8.730	 1971.271	 9.278	
94	 8.792	 1971.208	 9.265	
95	 8.855	 1971.146	 9.326	
96	 8.917	 1971.083	 9.409	
97	 8.980	 1971.021	 9.316	
98	 9.042	 1970.958	 9.394	
99	 9.105	 1970.896	 9.583	















1	 3.417	 1976.583	 9.380	
2	 3.459	 1976.541	 9.422	
3	 3.501	 1976.499	 9.433	
4	 3.544	 1976.457	 9.115	
5	 3.586	 1976.414	 9.225	
6	 3.628	 1976.372	 9.364	
7	 3.670	 1976.330	 9.345	
8	 3.719	 1976.281	 9.263	
9	 3.769	 1976.231	 9.174	
10	 3.818	 1976.182	 9.174	
11	 3.868	 1976.132	 9.222	
12	 3.917	 1976.083	 9.130	
13	 3.968	 1976.032	 9.250	
14	 4.018	 1975.982	 9.224	
15	 4.069	 1975.931	 9.261	
16	 4.119	 1975.881	 9.235	
17	 4.170	 1975.830	 9.327	
18	 4.201	 1975.799	 9.309	
19	 4.232	 1975.768	 9.359	
20	 4.263	 1975.737	 9.333	
21	 4.294	 1975.707	 9.270	
22	 4.324	 1975.676	 9.370	
23	 4.355	 1975.645	 9.375	
24	 4.386	 1975.614	 9.404	
25	 4.417	 1975.583	 9.589	
26	 4.544	 1975.457	 9.330	
27	 4.670	 1975.330	 9.167	
28	 4.719	 1975.281	 9.167	
29	 4.769	 1975.231	 9.079	
30	 4.818	 1975.182	 9.093	
31	 4.868	 1975.132	 9.078	
32	 4.917	 1975.083	 9.045	
33	 5.001	 1974.999	 9.066	
34	 5.086	 1974.914	 9.120	
35	 5.170	 1974.830	 9.303	
36	 5.201	 1974.799	 9.388	
37	 5.232	 1974.768	 9.430	
38	 5.263	 1974.737	 9.475	
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39	 5.294	 1974.707	 9.394	
40	 5.324	 1974.676	 9.428	
41	 5.355	 1974.645	 9.326	
42	 5.386	 1974.614	 9.362	
43	 5.417	 1974.583	 9.508	
44	 5.445	 1974.555	 9.412	
45	 5.473	 1974.527	 9.351	
46	 5.501	 1974.499	 9.328	
47	 5.529	 1974.471	 9.366	
48	 5.558	 1974.442	 9.419	
49	 5.586	 1974.414	 9.405	
50	 5.614	 1974.386	 9.224	
51	 5.642	 1974.358	 9.316	
52	 5.670	 1974.330	 9.398	
53	 5.686	 1974.314	 9.223	
54	 5.703	 1974.297	 9.186	
55	 5.719	 1974.281	 9.192	
56	 5.736	 1974.264	 9.149	
57	 5.752	 1974.248	 9.224	
58	 5.769	 1974.231	 9.214	
59	 5.785	 1974.215	 9.294	
60	 5.802	 1974.198	 9.313	
61	 5.818	 1974.182	 9.099	
62	 5.835	 1974.165	 9.192	
63	 5.851	 1974.149	 9.145	
64	 5.868	 1974.132	 9.194	
65	 5.884	 1974.116	 9.139	
66	 5.901	 1974.099	 9.058	
67	 5.917	 1974.083	 8.991	
68	 6.001	 1973.999	 9.207	
69	 6.086	 1973.914	 9.254	
70	 6.170	 1973.830	 9.314	
71	 6.201	 1973.799	 9.207	
72	 6.232	 1973.768	 9.398	
73	 6.263	 1973.737	 9.354	
74	 6.294	 1973.707	 9.218	
75	 6.324	 1973.676	 9.326	
76	 6.355	 1973.645	 9.320	
77	 6.386	 1973.614	 9.327	
78	 6.417	 1973.583	 9.366	
79	 6.480	 1973.520	 9.212	
80	 6.544	 1973.457	 9.245	
82	 6.670	 1973.330	 9.149	
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83	 6.794	 1973.207	 9.159	
84	 6.917	 1973.083	 9.096	
85	 6.968	 1973.032	 9.131	
86	 7.018	 1972.982	 9.152	
87	 7.069	 1972.931	 9.177	
88	 7.119	 1972.881	 9.203	
89	 7.170	 1972.830	 9.337	
90	 7.197	 1972.803	 9.438	
91	 7.225	 1972.775	 9.399	
92	 7.252	 1972.748	 9.614	
93	 7.280	 1972.720	 9.422	
94	 7.307	 1972.693	 9.424	
95	 7.335	 1972.665	 9.439	
96	 7.362	 1972.638	 9.338	
97	 7.390	 1972.610	 9.387	
98	 7.417	 1972.583	 9.587	
99	 7.444	 1972.556	 9.483	















1	 4.667	 1975.333	 9.312	
2	 4.709	 1975.291	 9.245	
3	 4.750	 1975.250	 9.308	
4	 4.792	 1975.208	 9.266	
5	 4.834	 1975.166	 9.255	
6	 4.875	 1975.125	 9.264	
7	 4.917	 1975.083	 9.218	
8	 4.959	 1975.041	 9.217	
9	 5.000	 1975.000	 9.278	
10	 5.042	 1974.958	 9.225	
11	 5.084	 1974.916	 9.359	
12	 5.125	 1974.875	 9.367	
13	 5.167	 1974.833	 9.458	
14	 5.217	 1974.783	 9.420	
15	 5.267	 1974.733	 9.495	
16	 5.317	 1974.683	 9.421	
17	 5.367	 1974.633	 9.464	
18	 5.417	 1974.583	 9.623	
19	 5.501	 1974.499	 9.490	
20	 5.586	 1974.414	 9.533	
21	 5.670	 1974.330	 9.396	
22	 5.732	 1974.268	 9.376	
23	 5.794	 1974.207	 9.323	
24	 5.855	 1974.145	 9.504	
25	 5.917	 1974.083	 9.244	
26	 6.028	 1973.972	 9.434	
27	 6.139	 1973.861	 9.605	
28	 6.250	 1973.750	 9.461	
29	 6.267	 1973.733	 9.551	
30	 6.283	 1973.717	 9.542	
31	 6.300	 1973.700	 9.555	
32	 6.317	 1973.683	 9.524	
33	 6.334	 1973.667	 9.591	
34	 6.350	 1973.650	 9.596	
35	 6.367	 1973.633	 9.570	
36	 6.384	 1973.616	 9.553	
37	 6.400	 1973.600	 9.520	
38	 6.417	 1973.583	 9.646	
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39	 6.468	 1973.532	 9.618	
40	 6.518	 1973.482	 9.648	
41	 6.569	 1973.431	 9.522	
42	 6.619	 1973.381	 9.329	
43	 6.670	 1973.330	 9.410	
44	 6.719	 1973.281	 9.467	
45	 6.769	 1973.231	 9.372	
46	 6.818	 1973.182	 9.515	
47	 6.868	 1973.132	 9.445	
48	 6.917	 1973.083	 9.268	
50	 7.042	 1972.958	 9.303	
51	 7.105	 1972.896	 9.341	
52	 7.167	 1972.833	 9.579	
53	 7.193	 1972.807	 9.585	
54	 7.218	 1972.782	 9.461	
55	 7.244	 1972.756	 9.453	
56	 7.269	 1972.731	 9.370	
57	 7.295	 1972.705	 9.602	
58	 7.321	 1972.679	 9.513	
59	 7.346	 1972.654	 9.558	
60	 7.372	 1972.628	 9.501	
61	 7.398	 1972.602	 9.533	
62	 7.423	 1972.577	 9.580	
63	 7.449	 1972.551	 9.588	
64	 7.474	 1972.526	 9.721	
65	 7.500	 1972.500	 9.770	
66	 7.563	 1972.438	 9.704	
67	 7.625	 1972.375	 9.613	
68	 7.688	 1972.313	 9.470	
69	 7.750	 1972.250	 9.616	
70	 7.767	 1972.233	 9.643	
71	 7.783	 1972.217	 9.465	
72	 7.800	 1972.200	 9.393	
73	 7.817	 1972.183	 9.562	
74	 7.834	 1972.167	 9.396	
75	 7.850	 1972.150	 9.482	
76	 7.867	 1972.133	 9.511	
77	 7.884	 1972.116	 9.486	
78	 7.900	 1972.100	 9.484	














1	 0.583	 2012.417	 -3.890	
2	 0.611	 2012.389	 -4.013	
3	 0.639	 2012.361	 -4.098	
4	 0.667	 2012.333	 -4.276	
5	 0.694	 2012.306	 -4.279	
6	 0.722	 2012.278	 -4.353	
7	 0.750	 2012.250	 -4.536	
8	 0.778	 2012.222	 -4.582	
9	 0.805	 2012.195	 -4.629	
10	 0.833	 2012.167	 -4.642	
11	 0.896	 2012.104	 -4.472	
12	 0.958	 2012.042	 -4.356	
13	 1.021	 2011.979	 -4.292	
14	 1.083	 2011.917	 -4.122	
15	 1.119	 2011.881	 -4.172	
16	 1.155	 2011.845	 -3.990	
17	 1.190	 2011.810	 -3.935	
18	 1.226	 2011.774	 -3.779	
19	 1.262	 2011.738	 -3.769	
20	 1.297	 2011.703	 -3.648	
21	 1.333	 2011.667	 -3.614	
22	 1.369	 2011.631	 -3.611	
23	 1.405	 2011.595	 -3.566	
24	 1.440	 2011.560	 -3.698	
25	 1.476	 2011.524	 -3.828	
26	 1.512	 2011.488	 -3.871	
27	 1.548	 2011.452	 -4.019	
28	 1.583	 2011.417	 -4.112	
29	 1.625	 2011.375	 -4.160	
30	 1.667	 2011.333	 -4.288	
31	 1.708	 2011.292	 -4.289	
32	 1.750	 2011.250	 -4.356	
33	 1.791	 2011.209	 -4.332	
34	 1.833	 2011.167	 -4.466	
35	 1.864	 2011.136	 -4.581	
36	 1.896	 2011.104	 -4.554	
37	 1.927	 2011.073	 -4.608	
38	 1.958	 2011.042	 -4.233	
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39	 1.989	 2011.011	 -4.225	
40	 2.021	 2010.979	 -4.064	
41	 2.052	 2010.948	 -3.926	
42	 2.083	 2010.917	 -3.870	
43	 2.133	 2010.867	 -3.934	
44	 2.183	 2010.817	 -3.840	
45	 2.233	 2010.767	 -3.762	
46	 2.283	 2010.717	 -3.832	
47	 2.333	 2010.667	 -3.652	
48	 2.383	 2010.617	 -3.919	
















1	 0.417	 2012.583	 -3.724	
2	 0.501	 2012.499	 -3.739	
3	 0.586	 2012.414	 -4.013	
4	 0.670	 2012.330	 -4.072	
5	 0.724	 2012.276	 -4.105	
6	 0.779	 2012.221	 -4.316	
7	 0.833	 2012.167	 -4.449	
8	 0.896	 2012.104	 -4.363	
9	 0.958	 2012.042	 -4.334	
10	 1.021	 2011.979	 -4.246	
11	 1.083	 2011.917	 -4.090	
12	 1.208	 2011.792	 -3.999	
13	 1.333	 2011.667	 -3.491	
14	 1.416	 2011.584	 -3.315	
15	 1.500	 2011.500	 -3.383	
16	 1.583	 2011.417	 -3.576	
18	 1.708	 2011.292	 -4.191	
19	 1.771	 2011.229	 -4.068	
20	 1.833	 2011.167	 -4.127	
21	 1.896	 2011.104	 -4.421	
22	 1.958	 2011.042	 -4.458	
23	 2.021	 2010.979	 -4.437	
24	 2.083	 2010.917	 -4.620	
25	 2.133	 2010.867	 -4.256	
26	 2.183	 2010.817	 -4.086	
27	 2.233	 2010.767	 -3.849	
28	 2.283	 2010.717	 -4.486	
29	 2.333	 2010.667	 -3.937	
30	 2.358	 2010.642	 -4.340	
31	 2.383	 2010.617	 -3.928	
32	 2.408	 2010.592	 -4.154	
33	 2.433	 2010.567	 -4.400	
34	 2.458	 2010.542	 -4.366	
35	 2.483	 2010.517	 -4.318	
36	 2.508	 2010.492	 -4.515	
37	 2.533	 2010.467	 -4.541	
38	 2.558	 2010.442	 -4.742	
39	 2.583	 2010.417	 -4.778	
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40	 2.833	 2010.167	 -4.883	
41	 2.896	 2010.104	 -5.079	
42	 2.958	 2010.042	 -4.936	
43	 3.021	 2009.979	 -4.545	
44	 3.083	 2009.917	 -4.554	
45	 3.119	 2009.881	 -4.457	
46	 3.155	 2009.845	 -4.385	
47	 3.190	 2009.810	 -4.413	
48	 3.226	 2009.774	 -4.442	
49	 3.262	 2009.738	 -4.409	
50	 3.297	 2009.703	 -4.386	
51	 3.333	 2009.667	 -4.221	














1	 3.417	 1976.583	 -3.250	
2	 3.501	 1976.499	 -3.333	
3	 3.586	 1976.414	 -3.440	
4	 3.670	 1976.330	 -3.753	
5	 3.732	 1976.268	 -3.703	
6	 3.794	 1976.207	 -3.824	
7	 3.855	 1976.145	 -4.218	
8	 3.917	 1976.083	 -4.256	
9	 3.980	 1976.020	 -4.141	
10	 4.044	 1975.957	 -4.412	
11	 4.107	 1975.893	 -4.352	
12	 4.170	 1975.830	 -4.376	
13	 4.211	 1975.789	 -4.293	
14	 4.252	 1975.748	 -4.173	
15	 4.294	 1975.707	 -3.888	
16	 4.335	 1975.665	 -3.740	
17	 4.376	 1975.624	 -3.894	
18	 4.417	 1975.583	 -3.829	
19	 4.670	 1975.330	 -3.648	
20	 4.719	 1975.281	 -3.765	
21	 4.769	 1975.231	 -3.876	
22	 4.818	 1975.182	 -3.922	
23	 4.868	 1975.132	 -4.163	
24	 4.917	 1975.083	 -4.348	
25	 4.949	 1975.051	 -4.290	
26	 4.980	 1975.020	 -4.297	
27	 5.012	 1974.988	 -4.322	
28	 5.044	 1974.957	 -4.352	
29	 5.075	 1974.925	 -4.274	
30	 5.107	 1974.893	 -4.029	
31	 5.138	 1974.862	 -4.029	
32	 5.170	 1974.830	 -4.206	
33	 5.232	 1974.768	 -4.150	
34	 5.294	 1974.707	 -3.914	
35	 5.355	 1974.645	 -3.953	
36	 5.417	 1974.583	 -3.626	
38	 5.544	 1974.457	 -3.531	
39	 5.607	 1974.393	 -3.776	
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40	 5.670	 1974.330	 -3.723	
41	 5.719	 1974.281	 -4.003	
42	 5.769	 1974.231	 -4.057	
43	 5.818	 1974.182	 -4.292	
45	 5.917	 1974.083	 -4.428	
46	 6.044	 1973.957	 -4.119	
47	 6.170	 1973.830	 -4.089	
48	 6.232	 1973.768	 -3.985	
49	 6.294	 1973.707	 -4.048	
50	 6.355	 1973.645	 -4.559	
51	 6.417	 1973.583	 -3.748	
56	 6.628	 1973.372	 -3.976	
57	 6.670	 1973.330	 -4.140	
58	 6.719	 1973.281	 -4.399	
59	 6.769	 1973.231	 -4.394	
60	 6.818	 1973.182	 -4.644	
61	 6.868	 1973.132	 -4.652	
62	 6.917	 1973.083	 -4.765	
63	 7.001	 1972.999	 -4.711	
64	 7.086	 1972.914	 -4.659	
65	 7.170	 1972.830	 -4.501	
66	 7.417	 1972.583	 -4.216	
67	 7.449	 1972.551	 -4.275	
68	 7.480	 1972.520	 -4.290	
69	 7.512	 1972.488	 -4.355	
74	 7.670	 1972.330	 -3.973	
75	 7.711	 1972.289	 -4.095	
76	 7.752	 1972.248	 -4.048	
77	 7.794	 1972.207	 -4.071	
78	 7.835	 1972.165	 -4.244	
79	 7.876	 1972.124	 -4.346	
80	 7.917	 1972.083	 -4.338	
81	 7.980	 1972.021	 -4.284	
82	 8.042	 1971.958	 -4.293	
83	 8.105	 1971.896	 -4.278	
84	 8.167	 1971.833	 -4.025	
85	 8.230	 1971.771	 -3.725	














1	 3.417	 1976.583	 -3.261	
2	 3.459	 1976.541	 -3.301	
3	 3.501	 1976.499	 -3.356	
4	 3.544	 1976.457	 -3.479	
5	 3.586	 1976.414	 -3.609	
6	 3.628	 1976.372	 -3.859	
7	 3.670	 1976.330	 -3.862	
9	 3.769	 1976.231	 -3.990	
10	 3.818	 1976.182	 -4.024	
11	 3.868	 1976.132	 -4.101	
12	 3.917	 1976.083	 -4.415	
13	 3.968	 1976.032	 -4.337	
14	 4.018	 1975.982	 -4.529	
15	 4.069	 1975.931	 -4.402	
16	 4.119	 1975.881	 -4.176	
17	 4.170	 1975.830	 -4.095	
18	 4.201	 1975.799	 -3.964	
19	 4.232	 1975.768	 -3.922	
20	 4.263	 1975.737	 -3.817	
21	 4.294	 1975.707	 -3.705	
22	 4.324	 1975.676	 -3.660	
23	 4.355	 1975.645	 -3.639	
24	 4.386	 1975.614	 -3.678	
25	 4.417	 1975.583	 -3.755	
26	 4.544	 1975.457	 -3.872	
27	 4.670	 1975.330	 -3.967	
28	 4.719	 1975.281	 -4.221	
29	 4.769	 1975.231	 -4.432	
30	 4.818	 1975.182	 -4.443	
31	 4.868	 1975.132	 -4.287	
32	 4.917	 1975.083	 -4.482	
38	 5.263	 1974.737	 -3.541	
39	 5.294	 1974.707	 -3.679	
40	 5.324	 1974.676	 -3.757	
41	 5.355	 1974.645	 -3.897	
42	 5.386	 1974.614	 -4.120	
43	 5.417	 1974.583	 -4.174	
44	 5.445	 1974.555	 -4.284	
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45	 5.473	 1974.527	 -4.444	
46	 5.501	 1974.499	 -4.542	
47	 5.529	 1974.471	 -4.655	
48	 5.558	 1974.442	 -4.437	
49	 5.586	 1974.414	 -4.473	
50	 5.614	 1974.386	 -4.450	
51	 5.642	 1974.358	 -4.367	
52	 5.670	 1974.330	 -4.281	
53	 5.686	 1974.314	 -4.234	
54	 5.703	 1974.297	 -4.228	
55	 5.719	 1974.281	 -4.007	
56	 5.736	 1974.264	 -3.932	
57	 5.752	 1974.248	 -3.935	
58	 5.769	 1974.231	 -3.888	
60	 5.802	 1974.198	 -3.935	
61	 5.818	 1974.182	 -3.891	
62	 5.835	 1974.165	 -3.959	
63	 5.851	 1974.149	 -4.168	
64	 5.868	 1974.132	 -4.150	
65	 5.884	 1974.116	 -4.423	
66	 5.901	 1974.099	 -4.440	
67	 5.917	 1974.083	 -4.507	
68	 6.001	 1973.999	 -4.433	
69	 6.086	 1973.914	 -4.236	
70	 6.170	 1973.830	 -4.214	
71	 6.201	 1973.799	 -4.072	
72	 6.232	 1973.768	 -3.848	
73	 6.263	 1973.737	 -3.713	
74	 6.294	 1973.707	 -3.707	
75	 6.324	 1973.676	 -3.564	
76	 6.355	 1973.645	 -3.499	
77	 6.386	 1973.614	 -3.527	
78	 6.417	 1973.583	 -3.776	
79	 6.480	 1973.520	 -4.012	
80	 6.544	 1973.457	 -4.044	
82	 6.670	 1973.330	 -4.223	
83	 6.794	 1973.207	 -4.252	
84	 6.917	 1973.083	 -4.361	
85	 6.968	 1973.032	 -4.252	
86	 7.018	 1972.982	 -4.226	
87	 7.069	 1972.931	 -4.438	
88	 7.119	 1972.881	 -4.411	
89	 7.170	 1972.830	 -4.258	
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90	 7.197	 1972.803	 -4.019	
91	 7.225	 1972.775	 -4.093	
92	 7.252	 1972.748	 -4.039	
93	 7.280	 1972.720	 -3.943	














1	 4.667	 1975.333	 -2.905	
2	 4.709	 1975.291	 -3.121	
3	 4.750	 1975.250	 -3.367	
4	 4.792	 1975.208	 -3.459	
5	 4.834	 1975.166	 -3.547	
6	 4.875	 1975.125	 -3.534	
7	 4.917	 1975.083	 -3.775	
8	 4.959	 1975.041	 -3.645	
9	 5.000	 1975.000	 -3.722	
10	 5.042	 1974.958	 -3.570	
11	 5.084	 1974.916	 -3.588	
12	 5.125	 1974.875	 -3.365	
13	 5.167	 1974.833	 -3.146	
14	 5.217	 1974.783	 -3.190	
15	 5.267	 1974.733	 -3.123	
16	 5.317	 1974.683	 -3.101	
17	 5.367	 1974.633	 -3.120	
18	 5.417	 1974.583	 -3.083	
19	 5.501	 1974.499	 -3.135	
20	 5.586	 1974.414	 -3.127	
21	 5.670	 1974.330	 -3.377	
22	 5.732	 1974.268	 -3.485	
23	 5.794	 1974.207	 -3.833	
24	 5.855	 1974.145	 -3.418	
25	 5.917	 1974.083	 -3.556	
26	 6.028	 1973.972	 -3.670	
27	 6.139	 1973.861	 -3.385	
28	 6.250	 1973.750	 -3.708	
29	 6.267	 1973.733	 -3.552	
30	 6.283	 1973.717	 -3.263	
31	 6.300	 1973.700	 -3.359	
32	 6.317	 1973.683	 -3.414	
33	 6.334	 1973.667	 -3.363	
34	 6.350	 1973.650	 -3.328	
35	 6.367	 1973.633	 -2.987	
36	 6.384	 1973.616	 -3.073	
37	 6.400	 1973.600	 -3.169	
38	 6.417	 1973.583	 -3.331	
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39	 6.468	 1973.532	 -3.079	
40	 6.518	 1973.482	 -3.058	
41	 6.569	 1973.431	 -3.149	
42	 6.619	 1973.381	 -3.485	
43	 6.670	 1973.330	 -3.588	
44	 6.719	 1973.281	 -3.778	
45	 6.769	 1973.231	 -3.805	
46	 6.818	 1973.182	 -4.194	
47	 6.868	 1973.132	 -4.112	
48	 6.917	 1973.083	 -3.941	
49	 6.980	 1973.021	 -3.842	
50	 7.042	 1972.958	 -3.998	
51	 7.105	 1972.896	 -3.878	
52	 7.167	 1972.833	 -4.089	
53	 7.193	 1972.807	 -3.816	
54	 7.218	 1972.782	 -3.459	
55	 7.244	 1972.756	 -3.594	
56	 7.269	 1972.731	 -3.563	
57	 7.295	 1972.705	 -3.508	
58	 7.321	 1972.679	 -3.344	
59	 7.346	 1972.654	 -3.372	
60	 7.372	 1972.628	 -3.083	
61	 7.398	 1972.602	 -3.003	
62	 7.423	 1972.577	 -3.065	
63	 7.449	 1972.551	 -3.003	
64	 7.474	 1972.526	 -3.082	
65	 7.500	 1972.500	 -3.016	
66	 7.563	 1972.438	 -3.237	
67	 7.625	 1972.375	 -3.082	
68	 7.688	 1972.313	 -3.139	
69	 7.750	 1972.250	 -3.230	
70	 7.767	 1972.233	 -3.142	
71	 7.783	 1972.217	 -3.254	
72	 7.800	 1972.200	 -3.191	
74	 7.834	 1972.167	 -3.190	
75	 7.850	 1972.150	 -3.328	
76	 7.867	 1972.133	 -3.369	
77	 7.884	 1972.116	 -3.315	
78	 7.900	 1972.100	 -3.550	
79	 7.917	 1972.083	 -3.311	
80	 7.934	 1972.066	 -3.344	
81	 7.950	 1972.050	 -3.349	
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Appendix D: Supplementary Material and Data for Chapter 5, Sea surface temperature 
response to the last deglaciation since 25 kyr BP in the Great Barrier Reef according to 

























Figure S1. Additional Sr/Ca-derived SSTs based on two Porites-based sensitivities. Both 
are from the Gagan et al. (2012) study, which presents a raw compilation of commonly 
accepted Sr/Ca-SST sensitivities (closed circles) and a rescaled sensitivity (open circles) 
that corrects for skeletal smoothing that might attenuate the geochemical signature. The 
raw compilation (-0.065 mmol mol-1 °C-1) is similar to the Brenner et al. (2017) high-
resolution Isopora value (-0.061 mmol mol-1 °C-1) and the rescaled sensitivity (-0.084 
mmol mol-1 °C-1) is between the Felis et al. (2014) bulk Isopora sensitivity (-0.075 mmol 
mol-1 °C-1) and the compilation of bulk Porites values (-0.104 mmol mol-1 °C-1) 
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Table S1. GBR fossil Isopora U/Th dates from Hydrographer’s Passage (HYD) and 
Noggin Pass (NOG). N/A indicates dating laboratory was not provided. 
 






325-34A-10-1	(16-23)	 HYD	 12.346	 0.058	 N/A	
325-31A-2-1	(27-32)	 HYD	 13.197	 0.003	 WHOI	
325-31A-2R-CC	(5-10)	 HYD	 13.238	 0.002	 WHOI	
325-33A-8R-1	(11-17)	 HYD	 14.871	 0.113	 ANU	
325-33A-5R-1	(68-74)	 HYD	 15.024	 0.079	 ANU	
325-33A-7R-CC	(2-10)	 HYD	 15.049	 0.013	 OX	
325-33A-7-1	(19-26)	 HYD	 15.066	 0.079	 N/A	
325-35A-3R-1	(35-38)	 HYD	 15.100	 0.018	 ANU	
325-31A-7R-1	(16-24)	 HYD	 15.124	 0.070	 WHOI	
325-33A-9R-1	(7-16)	 HYD	 15.167	 0.097	 OX	
325-33A-10R-1	(42-48)	 HYD	 15.331	 0.092	 OX	
325-43A-9R-1	(38-44)	 HYD	 16.813	 0.016	 N/A	
325-36A-9R-CC	(4-10)	 HYD	 17.137	 0.004	 WHOI	
325-35A-12-2	(1-9)	 HYD	 17.624	 0.017	 N/A	
325-36A-16R-1	(6-10)	 HYD	 18.041	 0.005	 WHOI	
325-39A-15R-1	(22-25)	 HYD	 18.320	 0.086	 OX	
325-35A-14-1	(2-9)	 HYD	 18.368	 0.003	 WHOI	
325-36A-16R-1	(12-22)	 HYD	 18.898	 0.005	 WHOI	
325-32A-9-1	(11-16)	 HYD	 22.856	 0.012	 WHOI	
325-32A-9-1	(16-24)	 HYD	 22.891	 0.025	 WHOI	
325-33A-16R-1	(54-60)	 HYD	 25.038	 0.156	 OX	
		 		 		 		 		
325-57A-4R-1	(15-22)	 NOG	 11.276	 0.053	 OX	
325-57A-4R-1	(75-88)	 NOG	 11.655	 0.059	 OX	
325-57A-5R-1	(1-3)	 NOG	 11.746	 0.045	 OX	
325-57A-5-1	(41-50)	 NOG	 11.875	 0.055	 OX	
325-57A-5-1	(53-62)	 NOG	 11.884	 0.061	 OX	
325-57A-5R-1	(126-133)	 NOG	 12.317	 0.073	 OX	
325-57A-5-1	(115-122)	 NOG	 12.328	 0.070	 OX	
325-57A-6R-1	(103-114)	 NOG	 12.674	 0.074	 OX	
325-57A-6R-2	(66-80)	 NOG	 12.767	 0.064	 OX	
325-53A-6-1	(7-9)	 NOG	 17.146	 0.011	 WHOI	
325-53A-7-2	(5-11)	 NOG	 17.473	 0.015	 N/A	
325-53A-9R-CC	(0-7)	 NOG	 19.194	 0.004	 WHOI	
325-53A-15R-1	(30-33)	 NOG	 20.843	 0.021	 WHOI	
325-53A-15R-1	(33-37)	 NOG	 20.899	 0.014	 WHOI	
325-53A-15R-1	(42-48)	 NOG	 20.930	 0.004	 WHOI	
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Table S2. GBR fossil Isopora Sr/Ca data from Hydrographer’s Passage (HYD) and 
Noggin Pass (NOG).  
 
 













Dev. First Published 
325-34A-10-1	(16-23)	 HYD	 12.346	 0.058	 9.672	 0.004	 This	Study	
325-31A-2-1	(27-32)	 HYD	 13.197	 0.003	 9.482	 0.165	 Felis	et	al.,	2014	
325-31A-2R-CC	(5-10)	 HYD	 13.238	 0.002	 9.453	 0.057	 Felis	et	al.,	2014	
325-33A-8R-1	(11-17)	 HYD	 14.871	 0.113	 9.562	 0.019	 Felis	et	al.,	2014	
325-33A-5R-1	(68-74)	 HYD	 15.024	 0.079	 9.634	 0.020	 Felis	et	al.,	2014	
325-33A-7R-CC	(2-10)	 HYD	 15.049	 0.013	 9.523	 0.065	 Felis	et	al.,	2014	
325-33A-7-1	(19-26)	 HYD	 15.066	 0.079	 9.382	 0.065	 This	Study	
325-35A-3R-1	(35-38)	 HYD	 15.100	 0.018	 9.499	 0.006	 Felis	et	al.,	2014	
325-31A-7R-1	(16-24)	 HYD	 15.124	 0.070	 9.499	 0.029	 Felis	et	al.,	2014	
325-33A-9R-1	(7-16)	 HYD	 15.167	 0.097	 9.599	 0.019	 Felis	et	al.,	2014	
325-33A-10R-1	(42-48)	 HYD	 15.331	 0.092	 9.700	 0.080	 Felis	et	al.,	2014	
325-43A-9R-1	(38-44)	 HYD	 16.813	 0.016	 9.785	 0.083	 This	Study	
325-36A-9R-CC	(4-10)	 HYD	 17.137	 0.004	 9.500	 0.256	 This	Study	
325-36A-16R-1	(6-10)	 HYD	 18.041	 0.005	 9.818	 0.019	 Felis	et	al.,	2014	
325-39A-15R-1	(22-25)	 HYD	 18.320	 0.086	 9.695	 0.062	 Felis	et	al.,	2014	
325-35A-14-1	(2-9)	 HYD	 18.368	 0.003	 9.579	 0.038	 This	Study	
325-36A-16R-1	(12-22)	 HYD	 18.898	 0.005	 9.832	 0.041	 Felis	et	al.,	2014	
325-32A-9-1	(11-16)	 HYD	 22.856	 0.012	 9.812	 0.040	 This	Study	
325-32A-9-1	(16-24)	 HYD	 22.891	 0.025	 9.613	 0.023	 This	Study	
325-33A-16R-1	(54-60)	 HYD	 25.038	 0.156	 9.706	 0.007	 Felis	et	al.,	2014	
		 		 		 		 		 		 		
325-57A-4R-1	(15-22)	 NOG	 11.276	 0.053	 9.059	 0.070	 This	Study	
325-57A-4R-1	(75-88)	 NOG	 11.655	 0.059	 9.193	 0.088	 Felis	et	al.,	2014	
325-57A-5R-1	(1-3)	 NOG	 11.746	 0.045	 9.369	 0.030	 Felis	et	al.,	2014	
325-57A-5-1	(41-50)	 NOG	 11.875	 0.055	 9.207	 0.023	 Replicated	Felis	et	al.,	2014	
325-57A-5-1	(53-62)	 NOG	 11.884	 0.061	 9.213	 0.046	 This	Study	
325-57A-5R-1	(126-133)	 NOG	 12.317	 0.073	 9.288	 0.087	 Felis	et	al.,	2014	
325-57A-5-1	(115-122)	 NOG	 12.328	 0.070	 9.215	 0.060	 Replicated	Felis	et	al.,	2014	
325-57A-6R-1	(103-114)	 NOG	 12.674	 0.074	 9.280	 0.047	 Felis	et	al.,	2014	
325-57A-6R-2	(66-80)	 NOG	 12.767	 0.064	 9.260	 0.015	 Felis	et	al.,	2014	
325-53A-6-1	(7-9)	 NOG	 17.146	 0.011	 9.500	 0.048	 Replicated	Felis	et	al.,	2014	
325-53A-7-2	(5-11)	 NOG	 17.473	 0.015	 9.594	 0.045	 This	Study	
325-53A-9R-CC	(0-7)	 NOG	 19.194	 0.004	 9.476	 0.101	 Felis	et	al.,	2014	
325-53A-15R-1	(30-33)	 NOG	 20.843	 0.021	 9.641	 0.048	 Replicated	Felis	et	al.,	2014	
325-53A-15R-1	(33-37)	 NOG	 20.899	 0.014	 9.582	 0.070	 Felis	et	al.,	2014	
325-53A-15R-1	(42-48)	 NOG	 20.930	 0.004	 9.640	 0.128	 Felis	et	al.,	2014	
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Table S3. GBR fossil Isopora δ18O data from Hydrographer’s Passage (HYD) and 















325-34A-10-1	(16-23)	 HYD	 12.346	 0.058	 -2.486	 -2.976	 0.138	 This	Study	
325-31A-2-1	(27-32)	 HYD	 13.197	 0.003	 -2.112	 -2.672	 0.122	 Felis	et	al.,	2014	
325-31A-2R-CC	(5-10)	 HYD	 13.238	 0.002	 -2.076	 -2.632	 0.140	 Felis	et	al.,	2014	
325-33A-8R-1	(11-17)	 HYD	 14.871	 0.113	 -1.870	 -2.688	 0.060	 Felis	et	al.,	2014	
325-33A-5R-1	(68-74)	 HYD	 15.024	 0.079	 -1.872	 -2.690	 0.101	 Felis	et	al.,	2014	
325-33A-7R-CC	(2-10)	 HYD	 15.049	 0.013	 -2.146	 -2.964	 0.160	 Felis	et	al.,	2014	
325-33A-7-1	(19-26)	 HYD	 15.066	 0.079	 -2.513	 -3.331	 0.172	 This	Study	
325-35A-3R-1	(35-38)	 HYD	 15.100	 0.018	 -1.64	 -2.458	 0.210	 Felis	et	al.,	2014	
325-31A-7R-1	(16-24)	 HYD	 15.124	 0.070	 -2.200	 -3.018	 0.040	 Felis	et	al.,	2014	
325-33A-9R-1	(7-16)	 HYD	 15.167	 0.097	 -1.746	 -2.564	 0.089	 Felis	et	al.,	2014	
325-33A-10R-1	(42-48)	 HYD	 15.331	 0.092	 -1.450	 -2.268	 0.100	 Felis	et	al.,	2014	
325-43A-9R-1	(38-44)	 HYD	 16.813	 0.016	 -1.762	 -2.643	 0.074	 This	Study	
325-36A-9R-CC	(4-10)	 HYD	 17.137	 0.004	 -1.985	 -2.866	 0.065	 This	Study	
325-35A-12-2	(1-9)	 HYD	 17.624	 0.017	 -1.45	 -2.362	 0.092	 This	Study	
325-36A-16R-1	(6-10)	 HYD	 18.041	 0.005	 -0.980	 -1.949	 0.097	 Felis	et	al.,	2014	
325-39A-15R-1	(22-25)	 HYD	 18.320	 0.086	 -1.346	 -2.258	 0.140	 Felis	et	al.,	2014	
325-35A-14-1	(2-9)	 HYD	 18.368	 0.003	 -1.721	 -2.633	 0.125	 This	Study	
325-36A-16R-1	(12-22)	 HYD	 18.898	 0.005	 -1.096	 -2.064	 0.120	 Felis	et	al.,	2014	
325-32A-9-1	(11-16)	 HYD	 22.856	 0.012	 -1.876	 -2.776	 0.083	 This	Study	
325-32A-9-1	(16-24)	 HYD	 22.891	 0.025	 -1.737	 -2.637	 0.138	 This	Study	
325-33A-16R-1	(54-60)	 HYD	 25.038	 0.156	 -1.388	 -2.138	 0.090	 Felis	et	al.,	2014	
		 		 		 		 		 		 		 		
325-57A-4R-1	(15-22)	 NOG	 11.276	 0.053	 -3.234	 -3.603	 0.103	 This	Study	
325-57A-4R-1	(75-88)	 NOG	 11.655	 0.059	 -3.24	 -3.730	 0.020	 Felis	et	al.,	2014	
325-57A-5R-1	(1-3)	 NOG	 11.746	 0.045	 -2.961	 -3.452	 0.084	 Felis	et	al.,	2014	
325-57A-5-1	(41-50)	 NOG	 11.875	 0.055	 -3.057	 -3.427	 0.038	 Replicated	Felis	et	al.,	2014	
325-57A-5-1	(53-62)	 NOG	 11.884	 0.061	 -3.27	 -3.764	 0.063	 This	Study	
325-57A-5R-1	(126-133)	 NOG	 12.317	 0.073	 -2.886	 -3.376	 0.150	 Felis	et	al.,	2014	
325-57A-5-1	(115-122)	 NOG	 12.328	 0.070	 -3.259	 -3.749	 0.010	 Replicated	Felis	et	al.,	2014	
325-57A-6R-1	(103-114)	 NOG	 12.674	 0.074	 -3.087	 -3.643	 0.082	 Felis	et	al.,	2014	
325-57A-6R-2	(66-80)	 NOG	 12.767	 0.064	 -3.05	 -3.606	 0.030	 Felis	et	al.,	2014	
325-53A-6-1	(7-9)	 NOG	 17.146	 0.011	 -1.92	 -2.800	 0.042	 Replicated	Felis	et	al.,	2014	
325-53A-7-2	(5-11)	 NOG	 17.473	 0.015	 -1.819	 -2.699	 0.063	 This	Study	
325-53A-9R-CC	(0-7)	 NOG	 19.194	 0.004	 -1.836	 -2.804	 0.160	 Felis	et	al.,	2014	
325-53A-15R-1	(30-33)	 NOG	 20.843	 0.021	 -1.764	 -2.764	 0.092	 Replicated	Felis	et	al.,	2014	
325-53A-15R-1	(33-37)	 NOG	 20.899	 0.014	 -1.756	 -2.716	 0.180	 Felis	et	al.,	2014	
325-53A-15R-1	(42-48)	 NOG	 20.930	 0.004	 -1.35	 -2.350	 0.140	 Felis	et	al.,	2014	




Table S4. Sr/Ca-derived relative SST change from GBR fossil Isopora using multiple 
Sr/Ca-SST sensitivities. We compare our fossil coral Sr/Ca to average modern Sr/Ca 
(9.28 mmol mol-1), which was calculated from modern coral records presented in Brenner 































325-34A-10-1	(16-23)	 HYD	 12.346	 0.058	 -6.427	 -5.228	 -4.405	 -5.353	 1.017	
325-31A-2-1	(27-32)	 HYD	 13.197	 0.003	 -3.311	 -2.693	 -2.270	 -2.758	 0.524	
325-31A-2R-CC	(5-10)	 HYD	 13.238	 0.002	 -2.836	 -2.307	 -1.944	 -2.362	 0.449	
325-33A-8R-1	(11-17)	 HYD	 14.871	 0.113	 -4.623	 -3.760	 -3.169	 -3.850	 0.731	
325-33A-5R-1	(68-74)	 HYD	 15.024	 0.079	 -5.799	 -4.717	 -3.975	 -4.830	 0.918	
325-33A-7R-CC	(2-10)	 HYD	 15.049	 0.013	 -3.984	 -3.240	 -2.730	 -3.318	 0.630	
325-33A-7-1	(19-26)	 HYD	 15.066	 0.079	 -1.667	 -1.356	 -1.143	 -1.389	 0.264	
325-35A-3R-1	(35-38)	 HYD	 15.100	 0.018	 -3.590	 -2.920	 -2.461	 -2.990	 0.568	
325-31A-7R-1	(16-24)	 HYD	 15.124	 0.070	 -3.590	 -2.920	 -2.461	 -2.990	 0.568	
325-33A-9R-1	(7-16)	 HYD	 15.167	 0.097	 -5.225	 -4.250	 -3.581	 -4.352	 0.827	
325-33A-10R-1	(42-48)	 HYD	 15.331	 0.092	 -6.885	 -5.600	 -4.719	 -5.735	 1.089	
325-43A-9R-1	(38-44)	 HYD	 16.813	 0.016	 -8.284	 -6.737	 -5.678	 -6.900	 1.311	
325-36A-9R-CC	(4-10)	 HYD	 17.137	 0.004	 -3.601	 -2.928	 -2.468	 -2.999	 0.570	
325-36A-16R-1	(6-10)	 HYD	 18.041	 0.005	 -8.820	 -7.173	 -6.045	 -7.346	 1.395	
325-39A-15R-1	(22-25)	 HYD	 18.320	 0.086	 -6.803	 -5.533	 -4.663	 -5.667	 1.076	
325-35A-14-1	(2-9)	 HYD	 18.368	 0.003	 -4.902	 -3.987	 -3.360	 -4.083	 0.776	
325-36A-16R-1	(12-22)	 HYD	 18.898	 0.005	 -9.049	 -7.360	 -6.202	 -7.537	 1.432	
325-32A-9-1	(11-16)	 HYD	 22.856	 0.012	 -8.716	 -7.089	 -5.974	 -7.260	 1.379	
325-32A-9-1	(16-24)	 HYD	 22.891	 0.025	 -5.459	 -4.440	 -3.742	 -4.547	 0.864	
325-33A-16R-1	(54-60)	 HYD	 25.038	 0.156	 -6.565	 -5.340	 -4.500	 -5.468	 1.039	
		 		 		 		 		 		 		 		 		
325-57A-4R-1	(15-22)	 NOG	 11.276	 0.053	 3.615	 2.941	 2.478	 3.011	 0.572	
325-57A-4R-1	(75-88)	 NOG	 11.655	 0.059	 1.426	 1.160	 0.978	 1.188	 0.226	
325-57A-5R-1	(1-3)	 NOG	 11.746	 0.045	 -1.463	 -1.190	 -1.003	 -1.219	 0.231	
325-57A-5-1	(41-50)	 NOG	 11.875	 0.055	 1.194	 0.971	 0.819	 0.995	 0.189	
325-57A-5-1	(53-62)	 NOG	 11.884	 0.061	 1.098	 0.893	 0.753	 0.915	 0.174	
325-57A-5R-1	(126-133)	 NOG	 12.317	 0.073	 -0.131	 -0.107	 -0.090	 -0.109	 0.021	
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325-57A-5-1	(115-122)	 NOG	 12.328	 0.070	 1.148	 0.933	 0.787	 0.956	 0.182	
325-57A-6R-1	(103-114)	 NOG	 12.674	 0.074	 0.006	 0.005	 0.004	 0.005	 0.001	
325-57A-6R-2	(66-80)	 NOG	 12.767	 0.064	 0.328	 0.267	 0.225	 0.273	 0.052	
325-53A-6-1	(7-9)	 NOG	 17.146	 0.011	 -3.459	 -2.813	 -2.371	 -2.881	 0.547	
325-53A-7-2	(5-11)	 NOG	 17.473	 0.015	 -5.152	 -4.191	 -3.531	 -4.292	 0.815	
325-53A-9R-CC	(0-7)	 NOG	 19.194	 0.004	 -3.213	 -2.613	 -2.202	 -2.676	 0.508	
325-53A-15R-1	(30-33)	 NOG	 20.843	 0.021	 -5.803	 -4.720	 -3.978	 -4.834	 0.918	
325-53A-15R-1	(33-37)	 NOG	 20.899	 0.014	 -4.951	 -4.027	 -3.393	 -4.124	 0.783	
325-53A-15R-1	(42-48)	 NOG	 20.930	 0.004	 -5.902	 -4.800	 -4.045	 -4.916	 0.934	




































Table S5. δ18O-derived relative SST change from GBR fossil Isopora using multiple 
δ18O -SST sensitivities. We compare our fossil coral Sr/Ca to average modern Sr/Ca (-
4.02 ‰), which was calculated from modern coral records presented in Brenner et al. 




































(16-23)	 HYD	 12.346	 0.058	 -2.976	 0.138	 -5.671	 -4.787	 -4.537	 -4.998	 0.596	
325-31A-2-1	(27-
32)	 HYD	 13.197	 0.003	 -2.672	 0.122	 -7.325	 -6.183	 -5.860	 -6.456	 0.770	
325-31A-2R-CC	
(5-10)	 HYD	 13.238	 0.002	 -2.632	 0.140	 -7.543	 -6.366	 -6.034	 -6.648	 0.793	
325-33A-8R-1	
(11-17)	 HYD	 14.871	 0.113	 -2.688	 0.060	 -7.239	 -6.110	 -5.792	 -6.380	 0.761	
325-33A-5R-1	
(68-74)	 HYD	 15.024	 0.079	 -2.690	 0.101	 -7.227	 -6.100	 -5.782	 -6.370	 0.760	
325-33A-7R-CC	
(2-10)	 HYD	 15.049	 0.013	 -2.964	 0.160	 -5.739	 -4.844	 -4.592	 -5.058	 0.603	
325-33A-7-1	(19-
26)	 HYD	 15.066	 0.079	 -3.331	 0.172	 -3.745	 -3.161	 -2.996	 -3.301	 0.394	
325-35A-3R-1	
(35-38)	 HYD	 15.100	 0.018	 -2.458	 0.210	 -8.489	 -7.165	 -6.792	 -7.482	 0.892	
325-31A-7R-1	
(16-24)	 HYD	 15.124	 0.070	 -3.018	 0.040	 -5.446	 -4.597	 -4.357	 -4.800	 0.572	
325-33A-9R-1	
(7-16)	 HYD	 15.167	 0.097	 -2.564	 0.089	 -7.913	 -6.679	 -6.330	 -6.974	 0.832	
325-33A-10R-1	
(42-48)	 HYD	 15.331	 0.092	 -2.268	 0.100	 -9.522	 -8.037	 -7.618	 -8.392	 1.001	
325-43A-9R-1	
(38-44)	 HYD	 16.813	 0.016	 -2.643	 0.074	 -7.485	 -6.317	 -5.988	 -6.597	 0.787	
325-36A-9R-CC	
(4-10)	 HYD	 17.137	 0.004	 -2.866	 0.065	 -6.270	 -5.292	 -5.016	 -5.526	 0.659	
325-35A-12-2	(1-
9)	 HYD	 17.624	 0.017	 -2.362	 0.092	 -9.013	 -7.607	 -7.210	 -7.944	 0.947	
325-36A-16R-1	
(6-10)	 HYD	 18.041	 0.005	 -1.949	 0.097	 -11.256	 -9.501	 -9.005	 -9.921	 1.183	
325-39A-15R-1	
(22-25)	 HYD	 18.320	 0.086	 -2.258	 0.140	 -9.576	 -8.083	 -7.661	 -8.440	 1.006	
325-35A-14-1	(2-
9)	 HYD	 18.368	 0.003	 -2.633	 0.125	 -7.536	 -6.361	 -6.029	 -6.642	 0.792	
325-36A-16R-1	
(12-22)	 HYD	 18.898	 0.005	 -2.064	 0.120	 -10.628	 -8.971	 -8.503	 -9.367	 1.117	
325-32A-9-1	(11-
16)	 HYD	 22.856	 0.012	 -2.776	 0.083	 -6.761	 -5.706	 -5.409	 -5.959	 0.711	
325-32A-9-1	(16-
24)	 HYD	 22.891	 0.025	 -2.637	 0.138	 -7.514	 -6.343	 -6.012	 -6.623	 0.790	
325-33A-16R-1	
(54-60)	 HYD	 25.038	 0.156	 -2.138	 0.090	 -10.229	 -8.633	 -8.183	 -9.015	 1.075	
		 		 		 		 		 		 		 		 		 		 		




(75-88)	 NOG	 11.655	 0.059	 -3.730	 0.020	 -1.575	 -1.330	 -1.260	 -1.388	 0.166	
325-57A-5R-1	
(1-3)	 NOG	 11.746	 0.045	 -3.452	 0.084	 -3.089	 -2.607	 -2.471	 -2.723	 0.325	
325-57A-5-1	(41-
50)	 NOG	 11.875	 0.055	 -3.547	 0.038	 -2.571	 -2.170	 -2.057	 -2.266	 0.270	
325-57A-5-1	(53-
62)	 NOG	 11.884	 0.061	 -3.764	 0.063	 -1.389	 -1.172	 -1.111	 -1.224	 0.146	
325-57A-5R-1	
(126-133)	 NOG	 12.317	 0.073	 -3.376	 0.150	 -3.499	 -2.953	 -2.799	 -3.084	 0.368	
325-57A-5-1	
(115-122)	 NOG	 12.328	 0.070	 -3.749	 0.010	 -1.474	 -1.244	 -1.179	 -1.299	 0.155	
325-57A-6R-1	
(103-114)	 NOG	 12.674	 0.074	 -3.643	 0.082	 -2.048	 -1.729	 -1.638	 -1.805	 0.215	
325-57A-6R-2	
(66-80)	 NOG	 12.767	 0.064	 -3.606	 0.030	 -2.249	 -1.898	 -1.799	 -1.982	 0.236	
325-53A-6-1	(7-
9)	 NOG	 17.146	 0.011	 -2.798	 0.042	 -6.641	 -5.606	 -5.313	 -5.853	 0.698	
325-53A-7-2	(5-
11)	 NOG	 17.473	 0.015	 -2.699	 0.063	 -7.177	 -6.057	 -5.741	 -6.325	 0.754	
325-53A-9R-CC	
(0-7)	 NOG	 19.194	 0.004	 -2.804	 0.160	 -6.607	 -5.576	 -5.285	 -5.823	 0.694	
325-53A-15R-1	
(30-33)	 NOG	 20.843	 0.021	 -2.748	 0.092	 -6.913	 -5.835	 -5.530	 -6.093	 0.726	
325-53A-15R-1	
(33-37)	 NOG	 20.899	 0.014	 -2.716	 0.180	 -7.087	 -5.982	 -5.670	 -6.246	 0.745	
325-53A-15R-1	
(42-48)	 NOG	 20.930	 0.004	 -2.350	 0.140	 -9.076	 -7.661	 -7.261	 -7.999	 0.954	
325-53A-16R-1	




Table S6. Sr/Ca-derived relative SST change from GBR fossil Isopora using Sr/Ca-SST 
sensitivities not included in our average SST calculations (see table S4).  We compare 
our fossil coral Sr/Ca to average modern Sr/Ca (9.28 mmol mol-1), which was calculated 
from modern coral records presented in Brenner et al. (2017). Negative temperatures 















325-34A-10-1	(16-23)	 HYD	 12.346	 0.058	 -6.032	 -4.668	
325-31A-2-1	(27-32)	 HYD	 13.197	 0.003	 -3.108	 -2.405	
325-31A-2R-CC	(5-10)	 HYD	 13.238	 0.002	 -2.662	 -2.060	
325-33A-8R-1	(11-17)	 HYD	 14.871	 0.113	 -4.338	 -3.357	
325-33A-5R-1	(68-74)	 HYD	 15.024	 0.079	 -5.442	 -4.211	
325-33A-7R-CC	(2-10)	 HYD	 15.049	 0.013	 -3.738	 -2.893	
325-33A-7-1	(19-26)	 HYD	 15.066	 0.079	 -1.565	 -1.211	
325-35A-3R-1	(35-38)	 HYD	 15.100	 0.018	 -3.369	 -2.607	
325-31A-7R-1	(16-24)	 HYD	 15.124	 0.070	 -3.369	 -2.607	
325-33A-9R-1	(7-16)	 HYD	 15.167	 0.097	 -4.904	 -3.795	
325-33A-10R-1	(42-
48)	 HYD	 15.331	 0.092	 -6.462	 -5.000	
325-43A-9R-1	(38-44)	 HYD	 16.813	 0.016	 -7.774	 -6.016	
325-36A-9R-CC	(4-10)	 HYD	 17.137	 0.004	 -3.379	 -2.615	
325-36A-16R-1	(6-10)	 HYD	 18.041	 0.005	 -8.277	 -6.405	
325-39A-15R-1	(22-
25)	 HYD	 18.320	 0.086	 -6.385	 -4.940	
325-35A-14-1	(2-9)	 HYD	 18.368	 0.003	 -4.600	 -3.560	
325-36A-16R-1	(12-
22)	 HYD	 18.898	 0.005	 -8.492	 -6.571	
325-32A-9-1	(11-16)	 HYD	 22.856	 0.012	 -8.180	 -6.329	
325-32A-9-1	(16-24)	 HYD	 22.891	 0.025	 -5.123	 -3.964	
325-33A-16R-1	(54-
60)	 HYD	 25.038	 0.156	 -6.161	 -4.768	
		 		 		 		 		 		
325-57A-4R-1	(15-22)	 NOG	 11.276	 0.053	 3.393	 2.626	
325-57A-4R-1	(75-88)	 NOG	 11.655	 0.059	 1.338	 1.036	
325-57A-5R-1	(1-3)	 NOG	 11.746	 0.045	 -1.373	 -1.063	
325-57A-5-1	(41-50)	 NOG	 11.875	 0.055	 1.121	 0.867	
325-57A-5-1	(53-62)	 NOG	 11.884	 0.061	 1.031	 0.798	
325-57A-5R-1	(126-
133)	 NOG	 12.317	 0.073	 -0.123	 -0.095	
	 	 331	
325-57A-5-1	(115-
122)	 NOG	 12.328	 0.070	 1.077	 0.833	
325-57A-6R-1	(103-
114)	 NOG	 12.674	 0.074	 0.006	 0.005	
325-57A-6R-2	(66-80)	 NOG	 12.767	 0.064	 0.308	 0.238	
325-53A-6-1	(7-9)	 NOG	 17.146	 0.011	 -3.246	 -2.512	
325-53A-7-2	(5-11)	 NOG	 17.473	 0.015	 -4.835	 -3.742	
325-53A-9R-CC	(0-7)	 NOG	 19.194	 0.004	 -3.015	 -2.333	
325-53A-15R-1	(30-
33)	 NOG	 20.843	 0.021	 -5.446	 -4.214	
325-53A-15R-1	(33-
37)	 NOG	 20.899	 0.014	 -4.646	 -3.595	
325-53A-15R-1	(42-
48)	 NOG	 20.930	 0.004	 -5.538	 -4.286	





















325-57A-5-1	(41-50)	 NOG	 11.875	 0.055	 9.210	±	0.031	 9.204	±	0.015	 9.207	 0.065	
325-57A-5-1	(115-122)	 NOG	 12.328	 0.070	 9.225	±	0.061	 9.195	±	0.059	 9.210	 0.326	
325-53A-6-1	(7-9)	 NOG	 17.146	 0.011	 9.518	±	0.045	 9.463	±	0.054	 9.491	 0.580	




















325-57A-5-1	(41-50)	 NOG	 11.875	 0.055	
-3.193	±	
0.025	 -2.92	±	0.05	 -3.057	 8.932	
325-57A-5-1	(115-122)	 NOG	 12.328	 0.070	
-3.358	±	
0.011	 -3.16	±	0.01	 -3.259	 6.075	
325-53A-6-1	(7-9)	 NOG	 17.146	 0.011	
-1.955	±	
0.043	 -1.85	±	0.04	 -1.903	 5.519	
325-53A-15R-1	(30-33)	 NOG	 20.843	 0.021	
-1.796	±	
0.093	 -1.70	±	0.09	 -1.748	 5.492	
 
 
 
